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Please  note  that  in  Paper  12  of  the  above  publication  the 
following  alterations  should  be  made  to  the  figures  in  Tables  2 
and  5:  in  the  columns  headed  “Caracterisation  du  crane 
Mineralisation  (g/cm2 )”  the  Figures  should  be  divided  by  2. 

Veuillez  noter  que  dans  la  papier  12  de  l’ouvrage  mentionne 
ci-dessus,  il  faudrait  effectuer  les  changements  suivants  dans  les 
Tableaux  2  et  5:  dans  les  colonnes  intitulees  “Caracterisation 
du  crane  Mineralisation  (g/cm2)”  les  chiffres  doivent  etre 
divises  par  2. 
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PREFACE 

Eleven  years  ago,  an  AGARD  conference  was  convened  in  Oporto,  Portugal  which  brought  together  experts  in 
linear  acceleration  effects.  Impact  injury  research  and  impact  protection  design  have  advanced  to  the  point  that  a 
follow-up  conference  was  deemed  appropriate.  In  the  intervening  decode  the  need  for  impact  injury  protection  in 
NATO  aircraft  has  increased,  largely  because  many  of  NATO  aircraft  are  helicopters  in  which  the  only  method  of 
emergency  escape  is  a  landing  of  the  vehicle  under  less  than  ideal  conditions.  Impact  protection  is  important  also 
in  fixed  wing  aircraft  and  land  vehicles  in  those  accidents  in  which  the  living  space  of  the  occupants  is  maintained. 

With  the  above  facts  for  emphasis,  the  Aerospace  Medical  Panel  initiated  plans  in  1979  to  convene  this  conference. 
The  Biodynanics  Committee  of  the  Aerospace  Medical  Panel  selected  Impact  'njury  as  the  title.  The  committee  then 
selected  the  session  organizers  to  determine  the  content  and  scope  of  the  conference.  Author's  were  sought  who 
could  best  present  the  progress  on  impact  research  and  impact  protection.  The  r  jssion  organizers  sent  requests 
for  abstracts  to  highly  qualified  people  to  insure  that  enough  abstracts  were  available  to  permit  an  optimum  selection. 
The  number  of  abstracts  submitted  was  gratifying,  indeed  about  twice  as  many  abstracts  were  submitted  as  could 
be  accepted.  In  addition,  to  the  keynote  paper,  a  total  of  39  papers  were  finally  accepted. 

The  conference  was  held  at  Porz  Wahn  (near  Cologne)  West  Germany  on  24-28  April  1982.  The  host  for  this 
meeting  was  the  Deutsche  Forschungs-und  Versuchsanstalt  fur  Luft-und  Raumfahrt  e.  V.  (DFVLR),  the  German 
Aerospace  Research  Establishment.  The  meeting  facilities  were  excellent,  for  which  the  organizers  are  indebted  to 
our  host,  the  DFVLR. 

The  papers  were  presented  in  four  sessions  during  the  four-day  conference.  The  attendees  were  provided  the 
opportunity  to  ask  speakers  questions  at  the  end  of  their  presentations .  The  recordings  of  these  question-answer 
dialogues,  as  well  as  the  opening  and  closing  speeches,  have  been  transcribed,  condensed,  and  edited  prior  to 
publication.  Your  editor  wishes  to  apologize  to  those  speakers  to  whom  the  printed  and  edited  word  does  not 

match  the  thought  the  speaker  wished  to  convey  to  the  attendees.  Rest  assured  that  all  changes  made  from  the  oral 
to  the  printed  words  were  intended  to  clarify  the  idea  and  not  to  change  it.  In  any  event ,  your  editor  assumes 
responsibility  for  deletions  and  errors  in  the  transcription  process .  If  grave  errors  are  noted,  please  contact 
AGARD  Headquarters  at  the  address  noted  on  the  cover  page  and  ask  for  a  correction. 

Your  editor  wishes  to  thank  Ms .  Jc-  nnette  Hinkle  of  the  U  .S  .  Army  Aeromedical  Research 
Laboratory  .  Fort  Rucker,  Alabama ,  for  the  transcription  and  typing  of  the  opening  ceremony ,  question 
answer  dialogue,  and  Round  Table  Discussions;  her  devotion  to  this  task  made  my  work  far  easier.  In 
addition.  I  wish  to  thank  my  co  workers  of  the  Programme  Organization  Committee  and  the  Session  Chairman 
for  their  outstanding  efforts  . 
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TECHNICAL  EVALUATION  REPORT 


GENERAL 

By  and  large,  this  was  a  data-oriented  conference.  The  papers  presented  on  spinal  column  injury ,  head 
injury,  torso  injury,  restraint  systems,  ballistic  armor,  crashworthy  vehicles  and  accident  investigation  teehni 
ques  all  provided  new  data  or  new  ideas  on  how  to  prevent  or  alleviate  impact  injuries.  Whether  or  no;  one 
agrees  with  all  the  ideas  presented  is  a  moot  point,  because  the  ideas  are  now  committed  to  posterity  for  judgement! 

SPINAL  COLUMN  INJURIES  UNDER  COMPRESSIVE  AND/OR  BENDING  LOAD 

A  paper  is  included  on  spinal  column  arthritis  (spondylosis  deformans)  as  found  in  baboons  several  years 
after  exposure  to  +40gz  of  13-16  milliseconds  duration  .  Another  paper  describes  a  unique  method  of  spinal 
eolumn  instrumentation  with  aeeelerometers  mounted  on  each  vertebra,  so  that,  the  response  to  vibratory  or 
impact  input  at  the  buttocks  can  be  evaluated. 

The  effect  of  high  acceleration  onset  rate  (1500-2000  g/sec)  for  "eyeballs  down  and  forward"  (gz  combined 
with  30%  gx  vector)  on  cadavers  is  addressed  in  two  papers.  Although  t  lose  tests  were  conducted  primarily 
to  evaluate  the  adequacy  of  a  vertically  stroking  (load- limiting)  seat,  the  effect  on  the  seat  oceupant  is  similar 
to  that  of  the  ejection  seat  occupant  during  ejection  except  that  the  onset  ride  is  about  one- third  that  of  the 
shock  absorbing  scat,  and  the  pulse  duration  is  nearly  twice  as  great.  In  a ■'y  event,  these  fully  instrumented 
crashworthy  seat  and  cadaver  tests  may  provide  useful  comparative  vertebral  fracture  data  fot  dure  ejection 
seat  tests . 

Inflatable  heud-neck  "bracing"  devices  are  discussed  in  several  papers  from  Europe  and  America,  indicat¬ 
ing  the  universal  recognition  of  the  spinal  eolumn  compressive  and  bending  loading  problem. 

SPINAL  COLUMN  INJURIES  UNDER  TENSILE  LOAD 

One  paper  presented  data  on  human  whole  neck  (in  situ)  static  load  capacity.  These  tests,  on  seven  specimens, 
revealed  basilar  skull,  cervical,  and  several  T2  fractures  at  maximum  loads  ranging  from  1535N  up  to  3892N. 

If  a  mass  of  5  Kg  is  assumed  for  the  head,  these  loads  range  up  to  80  g  for  a  severe  injury  runge  in  the  eye¬ 
balls  up  (  gz)  direction.  These  tensile  fracture  limits  may  be  compared  to  the  105-125  g  fracture  (fatal) 
limits  lor  rhesus  monkeys  stated  by  Dr.  Thomas  in  the  round  table  discussion  ior  -gx  tolerance  (converts  to 
♦gz  as  head  rotates  forward  90°) .  In  short ,  this  tensile  data  may  be  compared  to  volunteer  (-gx)  tolerance 
values  to  show  the  range  for  the  unrestrained  head  and  neck . 

LEG  INJURY 

Orly  one  paper  is  presented  on  this  topic.  Lower  leg  injuries  are  diseussed  indirectly  with  regard  to  struc¬ 
tural  protection  in  an  automobile  in  glanee-off  accidents. 

HEAD  AND  NECK  INJURY 

No  less  than  12  papers  (one  third  of  total  papers)  are  included  on  head  and/or  neck  injury!  Obviously  ,  this 
is  a  well- recognized  problem,  and  obviously  it  is  receiving  some  attention.  This  is  not  surprising  since  numerous 
aircraft  aeeident  statistics  reveal  the  head  to  be  a  large  injury  producer:  for  example,  for  U  .S .  Army  fliers  in  the 
past  decade,  two  of  five  fatalities  were  caused  by  head  injury  .  Savural  papers  discuss  the  impact  of  unembalmed 
eadaver  heads  with  the  circulatory  system  perfused  with  a  particulate  such  as  india  ink.  This  technique  permits 
the  identification,  extent  and  location  of  hemorrhage  in  the  hcad/neek  circulatory  system  In  the  post-impact 
autopsy  .  Since  minute  hemorrhage  is  equivalent  to  some  degree  of  heud  injury  ,  this  method  provides  an  impaet 
injury  threshold  for  the  particular  specimen  under  test.  Of  course,  mortality  and  biological  age  effects  must 
be  considered  One  paper  uses  this  data  in  the  development  of  a  finite  element  head  model  In  which  intracranial 
pressure  and  acceleration  arc  compared  to  input  energy  at  the  threshold  of  hemorrhage  of  blood  vessels. 

The  data  presented  in  one  paper  supports  the  concept  that  the  head  c.g.  acceleration  is  more  important  than 
any  other  measurement  being  ma  ie  at  current  helmet  testing  facilities  .  This  paper  pleads  for  the  use  of  acceleration 
as  the  best  measurement  to  be  u'-ed  in  the  evaluation  of  impaet  helmets,  in  view  of  the(myriad  number  of  conflicting 
time  evaluation  schemes. 

Mechanisms  of  head  injury  are  classified  from  mild  concussion  to  structural  damage  in  two  papers  These 
papers  provide  not  only  head  injury  mechanisms,  but  also  very  good  research  techniques  in  microtrauma. 

A  new  and  unique  helmeted  headform  test  method  is  discussed  in  which  the  heimeted  hcadform  is  permitted 
to  truly  free  fall  without  use  of  guiding  cables  or  wires.  The  method  permits  tangential  impacts  and  also 
eliminates  the  frietion  associated  with  all  types  of  guiding  devices. 

Several  papers  discussed  the  neurological  effects  of  monkey  head  impacts  and  the  techniques  used  to  measure 
these  effects.  The  cortical  evoked  potential  values  showed  changes  at  a  threshold  of  approximately  600  m/s5 

Unfortunately,  as  noted  by  Dr.  von  Gierke  in  the  Round  Table  Discussion,  although  much  good  research  has 
been  done,  no  agreement  was  reached  on  head  impact  evaluation  criteria.  Such  agreement  still  awaits  the  future 
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INJURY  DATA  COLLECTION 


Several  papers  provided  descriptions  of  accident/injury  investigations.  One  paper  described  an  improved 
crash  injury  identification  (coding)  and  reporting  system  as  developed  for  U.S.  Army  aviation;  this  system 
appears  to  offer  simplicity  of  presentation  with  enough  detail  to  clarify  injury  causes.  If  the  proposed 
injury-cause  coding  system  is  fully  implemented,  the  cost  effectiveness  of  injury-preventing  hardware  can  be 
determined  more  easily  in  the  future. 

INJURY- PREVENTING  HARDWARE 

The  keynote  paper  by  the  writer  outlined  the  features  and  the  preliminary  indication  of  crashworthiness  in 
the  U.S.  Army's  new  UH-60  "Rlaekhawk"  helicopter  by  comparison  to  the  older  L'fl-1  Helicopter.  The  data 
shows  that  a  pilot  actually  received  no  back  injury .  in  fact  no  injury  at  all,  in  a  crash  so  severe  that  the  same 
kinematics  in  a  Ull-1  would  have  resulted  in  a  severe  back  injury  or  maybe  a  fatality . 

Several  papers  outlined  the  development  of  crashworthy  seats,  designed  to  meet  stringent  new  specifications. 
Roth  the  U  .S  Army  and  Navy  have  developed  pilot  and  troop  scats  to  "limit"  the  loads  in  the  vertical  (z  axis)  to 
approximately  15  g  on  occupants.  Such  crashworthy  seats  arc  currently  in  production,  a  noteworthy  achievement 
in  the  past  decade! 

The  effect  of  too  much  harness  slack  and  the  effects  of  dynamic  preload  were  addressed  and  revealed  the  increase 
and  decrease  respectively  of  the  "dynamic  overshoot"  in  the  output  loads  as  would  be  expected. 

Crash  sensing  air  bags  combined  with  conventional  harnesses  were  shown  to  be  effective.  Nevertheless,  the  pro 
duetion  cost  of  approximately  600  dollars  appears  to  be  a  deterrent  to  usage  in  small,  low-cost  automobiles. 

One  paper  described  the  crash  test  of  a  French  "l  uma"  helicopter.  Crashworthy  seats  with  instrumented 
dummies  demonstrated  their  performance  in  the  test. 

The  use  of  webbing  as  an  energy -absorbing  device,  via  the  "tearing"  of  the  material,  was  discussed  in  one 
paper.  The  method  appears  to  be  a  low-cost  and  effective  "load  limiting"  device. 

VERIFICATION  OF  SEAT/MAN  MODELS 

Two  papers  are  included  on  this  topic,  one  from  the  Netherlands,  and  one  from  the  United  States.  The 
Netherlands  MADYMO  Crash  Victim  Simulator  appears  to  be  a  highly  versatile  model.  Simulations  us  diverse  as 
pedestrian  impact  to  children's  scats  are  demonstrated . 

The  1  S .  Human  Spine  Mtxlcl  (1ISM)  is  the  most  detailed  model  known  of  the  human  spine.  This  model  has 
been  validated  up  to  the  level  of  human  volunteer  tests,  but  not  into  the  injury  range. 

CAN  CRASHWORTHINESS  RE  COST  EFFECTIVE” 

This  uuestion  is  addressed  and  partially  answered  in  Session  IV.  The  two  papers  on  body  armor  certainly 
reveal  the  cost  effectiveness  of  simple  upper  torso  protection  against  exploding  ammunition  tn  addition,  one 
paper  provides  the  methods  to  obtain  detailed  injury  and  hardware  damage  costs  associated  with  helicopter  crashes 
so  that  cost  effectiveness  can  be  estimated  based  on  accident  histories. 

CONCLUSIONS 

Rased  on  discussions  in  this  proceedings,  it  is  concluded  that: 

a.  Crash  injury  data  eol’eelion  at  the  scene  of  aircraft  accidents  varies  from  none  to  fragmented  approaches 
in  most  AGARI)  nations  represented 

l>.  Methods  to  encourage  the  use  of  impact  protective  harnesses  alreiu  y  available  in  automobiles  and  aircraft 
should  l>e  intensified . 


e.  The  tolerance  of  the  seated  human  spinal  column  and  cord  to  compressive  and  transverse  load, with  a  belmeted 
head  both  unrestrained  and  restrained,  should  be  studied  further. 

d  The  tolerance  of  the  seated  torso,  with  upper  and  tower  torso  restraint,  to  transverse  loads  should  be  studied 
further  The  lielmeted  head  should  be  unrestrained  and  compared  with  the  restrained  head. 

e.  I  he  cost  effectiveness  of  various  head  restraint  methods  for  use  by  pilots  in  ni' craft  should  be  analy zed 

r  Contact  head  injury  mechanisms  should  be  studied  further;  however,  the  existing  data  should  be  applied 
to  headgear  design  and  evaluation  A  lurge  communication  gap  appears  to  exist  between  head  injury  researchers 
und  helmet  test  method  researchers. 


K  Body  .  rmor  is  highly  effective,  especially  against  exploding  ammunition,  and  is  well  worth  the  modest  cost. 


REVIEW  OF  IMPACT  ACCELERATION  MEETING  IN 
OPORTO,  PORTUGAL  IN  JUNE  197) 


by 

Col.  S.C. Knapp 
Commander 

U.S.  Army  Aeromedical  Research  Laboratory 
(USAARL) 

P.O.  Box  577 
Fort  Rucker.  AL  56562 

Since  Dr.  Richard  Snyder  from  the  University  of  Michigan  is  not  able  to  be  here  for  this  "kick  off"  address, 
your  session  chairman  asked  that  1  offer  a  prelude  to  this  symposium  by  reviewing  a  very  significant  meeting 
that  was  held  in  Oporto,  Portugal  in  ’.971.  This  Oporto  meeting  was  held  under  the  leadership  of  I)r.  Edward  .1 . 
Baldes  (deceased),  who  was  well  known  as  a  physician,  physicist,  and  physiologist  of  great  credit.  Many  of 
us  attended  this  1971  meeting.  This  curlier  meeting  is  published  as  AGARD  Conference  Proceedings  CPR8  71. 
"Linear  Acceleration  of  Impact  Type."  History  is  un  important  part  of  the  advisory  group  for  aerospace  re¬ 
search  and  development.  It's  no  less  important  for  the  aerospace  medical  panel,  one  of  the  original  panels  of 
the  advisory  group,  and  it  is  significant  that  the  Biodynamies  Subcommittee  was  one  of  the  first  Bicdynamics 
Subcommittees  formed,  and  1  believe  the  first  two  chairman  of  the  committee  were  Dr.  Wulten  Jones  of  the  United 
States  and  Dr.  David  Glaistcr  of  the  United  Kingdom.  In  1961,  ut  Brooks  AKB,  Texas,  the  Nutional  Research 
Council  of  the  National  Academy  of  Science  in  conjunction  with  the  National  Aeronautics  and  Space  Administration 
in  the  United  States  held  a  symposium  called.  Impact  Acceleration  Stress."  It  is  interesting  ns  we  review  the 
history,  that  at  approximate  10  your  intervals  the  group  assembled  here,  and  the  science  that  you  represent, 
have  seen  the  need  to  review  the  advancements  that  have  been  made  in  our  particular  area  of  biodynamies . 

I've  reviewed  some  of  the  significant  events  that  occurred  in  that  1971  meeting  and  1  would  like  to  relate  some 
of  them  hccuuse  1  think  they  ure  very  important .  We  must  ’ook  back  on  history  and  sec  whut  we  thought  were  the 
problems  11  years  ago  if  we  are  to  gain  some  sense  of  accomplishment  for  what  we  will  talk  about  in  this  meeting 
11  years  lutcr .  We  have  to  ask  ourselves,  "Have  any  advancements  been  made?  Have  uny  problems  been  solved? 
What  are  the  new  problems?  And  where  do  we  go  from  here?"  Dr.  Baldes  in  his  opening  comments  made  the  follow¬ 
ing  statement,  "Words  fail  me  when  1  attempt  to  express  the  IMPACT  on  civilization  of  the  man  wrought  epidemic 
which  our  science  and  technology  has  created."  Dr.  Baldes  went  on  to  describe  in  some  detail  the  problems  in 
translating  Newton's  original  3  laws  of  motion  from  the  Latin  into  English,  umi  he  made  noie  Unit  in  uii  of  the 
historical  translations,  nowhere  is  there  a  translation  from  original  Latin  into  English  that  uses  uny  term  that  re 
lutes  to  the  human  body  .  1  think  that  is  interesting  because  the  things  that  you.  ladies  and  gentlemen,  will  talk 
about  in  this  meeting,  involve  a  human  body  and  its  relationship  between  these  three  fundamental  human  laws  of 
motion.  We  will  talk  about  cannonballs  in  terms  of  bullets  and  impuet .  We  will  talk  about  high  velocities.  We 
will  talk  about  sudden  stops.  We  will  talk  about  forces  placed  upon  the  human  body  and  how  the  human  body 
responds  to  them . 


Those  of  you  that  attended  the  1971  meeting  will  remember  that  at  leust  six  major  topics  were  covered  as  shown 
in  Fig.  1  1  I’hcro  was  :>  session  on  the  various  sled  test  devices  in  use  in  1971 .  There  was  some  discussion  of 
automotive  and  aircraft  crashworthiness.  Improved  crash  sensor  devices  were  developed  which  helped  to  make 
air  bags  and  other  crashworthy  devices  more  feasible. 

We  were  at  the  threshold  of  the  development  of  the  first  crashworthy  aircraft,  specifically  helicopters  designed 
for  purely  military  use.  Some  joint  agreements  were  consummated  for  looking  at  crashworthy  engineering  us  a 
way  of  reducing  injury  and  death.  The  U.S  Army  published  a  new  military  standard  for  crashworthiness.  Crash 
worthy  fuel  systems  were  installed  in  most  US  Army  helicopters  and  1  can  tell  you  that  11  years  later,  in  US  Army 
helicopters  so  e<juipped/therc  hus  not  been  a  fire  related  fatality  in  a  survivuble  type  crush,  a  very  significant 
advance.  Aircraft  seats  with  integral  stroking  devices  was  un  idea  that  had  not  yet  been  employed  in  actual  air 
craft;  this  is  no  longer  the  ease.  Several  helicopter  manufacturers  now  sell  this  type  seating  in  their  commercial 
aircraft  and  the  US  military  se ; v ices  now  require  them. 

The  question  is  how  much  progress  have  we  made"  Where  have  we  come  since  Oporto  1971?  In  Oporto, 
it  wus  decided  that  we  had  come  a  long  way  from  NRC  meeting  that  was  held  at  Brooks  AKB  in  1961.  I  am 
interested  to  sec  where  we  are  today  and  1  am  sure  you  will  give  us  insight  into  the  significant  advances  since 
that  1971  meeting.  SccEig  12 
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71  MEETING  REVIEW 


o  SLED  TEST  DEVICES 

o  AIRCRAFT  &  AUTO  CRASH  TESTS 

o  INJURY  MECHANISMS 

o  CRASHWORTHY  HARDWARE  DEVELOPMENT 

o  BIODYNAMIC  MODELS 

o  HEADGEAR  DEVELOPMENT 

Fiff.  I  I  Topics  Covered  in  AGAIU)  Symposium  in  Oporto,  Portugal 


IMPACT  PROTECTION  ADVANCES 
IN  THE  70's 


o  AUTOMOBILES  -  RESTRAINT,  PADDING  & 

STRUCTURE 

o  HELICOPTER  -  UH-60  UTILITY  &  AH-64 
ATTACK  DEVELOPED  TO  CRASHWORTHY 
CRITERIA 

o  TRANSPORT  AIRCRAFT  -  DELETED  CAM-TYPE 
BELTS,  IMPROVED  BELT  GEOMETRY,  & 

IMPROVED  EMERGENCY  EGRESS 

o  JOINT  AGREEMENT  BETWEEN  U. S. , FR, SGE 

TO  CO-ORDINATE  HELICOPTER  CRASHWORTHY 
DEVELOPMENT 

o  MIL-STD  1290  "LIGHT  FIXED  &  ROTARY¬ 
WING  AIRCRAFT  CRASHWORTHINESS" 

PUBLISHED 

o  CRASHWORTHY  FUEL  SYSTEMS  INSTALLED 
IN  U.  S.  ARMY  HELICOPTERS 

o  AIRCRAFT  SEATS  WITH  INTEGRAL  “STROKING" 
DEVICES  (LOAD-LIMITER)  DEVELOPED  & 
PRODUCED 

o  ROCKET-POWERED  EJECTION  SEATS  PERFECTED 

o  FEDERAL  AVIATION  ADMIN.  REQUIRED  SHOULDER 
HARNESSES  IN  ALL  FIXED  WING 

o  U.  S.  ARMY  LOWERED  PASS-FAIL  HELMET  CRITERIA 
FROM  400g  TO  150cj  FOR  FUTURE  DESIGN 

o  IMPROVED  CRASH  SENSOR  DEVICES  DEVELOPED 


Fig.  12  Impact  Injury  Prevention  Events  Since  1971 
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IMPACT  PROTECTION  IN  HELICOPTERS 
DESIGN  SPECIFICATIONS  VS  PERFORMANCE 

J.  L.  Haley,  Jr.,  Aerospace  Engineer 
Biodynamies  Research  Division,  USAARL 
Fort  Rucker,  Alabama  36362 


INTRODUCTION 

In  the  previous  introductory  paper,  a  summary  of  crashworthy  improvements  in  air  and  ground  vehicles  over 
the  past  decade  has  been  outlined ,  and  since  this  is  a  conference  to  bring  together  impact  research  results  rather 
than  a  history  of  accident  injuries ,  1  have  chosen  to  provide  a  very  brief  description  of  the  actua-  crash  performance 
of  a  specific  US  Army  helicopter,  the  UH-60.  This  aircraft  was  conceived  and  developed  in  the  70’s  by  Sikorsky 
Helicopter  under  the  US  Army  competitive  selection  process  as  a  replacement  aircraft  for  the  aging  UH-1,  which 
was  developed  in  the  50's. 

The  UH-60  was  developed  to  the  most  stringent  requirements  for  crashworthiness  of  any  aircraft  yet  developed 
of  either  fixed  or  rotary  wing  type.  The  UH-60  has  now  been  in  service  for  enough  time  so  that  several  severe 
accidents  have  occurred.  This  paper  will  review  the  impact  protection  provided  by  the  UH-60  in  these  accidents 
and  compare  the  protection  to  that  of  the  UH-1  in  a  similar  crash. 

Ull-1  D/H  AND  UH-60A  GENERAL  DESCRIPTION 

The  standard  13-placo  UH-1  and  14-plaee  UH  60  would  appear  to  be  of  similar  size,  but  the  data  of  Table  1-3 
reveals  the  UU-60  to  be  a  larger,  heavier,  and  faster  aircraft.  The  UH-60  has  more  floor  space  to  accommodate 
51  cm  wide  troop  seats  compared  to  43  cm  seats  in  the  Ull-1 .  The  larger  troop  seats  facilitate  ingress-egress 
in  the  UH-60. 

CRASHWORTHY  PERFORMANCE 

A  total  of  five  UH-60  crashes  were  selected  for  this  puper.  These  crashes  were  selected  because  a  wide 
range  of  severe  impact  conditions  are  covered  and  personnel  injuries  did  occur  in  the  crashes.  The  crashworthy 
performance  of  these  five  UH-60's  is  summarized  ir  Table  1-4  by  showing  the  terruin  impact  conditions,  aircraft 
orientation  (attitude),  floor  acceleration  against  landing  gear/scat  stroke,  and  aircrew  injuries.  The  same  data 
for  two  Ull  1  aircraft  crushes  is  also  included  in  Table  1-4  ns  points  of  reference 

Although  ease  one  might  have  been  deleted  in  this  comparison  since  no  one  survived  und  the  cabin  living  space 
was  destroyed,  the  writer  chose  to  retain  it  because  the  impact  conditions  do  show  an  upper  limit  to  the  protection 
provided  by  the  Ull  60.  It  was  clear  that  the  roof  was  separated  from  the  floor  due  to  the  combined  impact  and 
hydraulic  loads  and  that  survival  was  doubtful  with  no  protective  cage. 

A  review  of  the  impact  conditions  ir.  Table  1-4  shows  that  the  horizontal  impact  velocity  was  generally  low 
by  comparison  to  fixed  wing  aircraft  (1).  varying  from  zero  up  to  17  meters  per  second,  if  the  nonsurvivable 
ease  is  deleted.  This  is  clearly  not  the  ease  for  vertical  velocity  at  impuct  which  varies  from  six  to  17  meters 
per  second,  clearly  beyond  the  three  meter  per  second  eapueity  of  most  aircraft  landing  geur.  The  crash  path 
distance  (distance  traversed  from  terrain  contact  to  rest  point)  is  indicative  of  the  low  horizontal  velocity  at 
impact  varying  up  to  nine  meters.  The  terrain  is  very  typical  of  that  seen  by  military  aircraft  at  off  airport  crash 
sites . 


The  aircraft  attitude  at  impact  varies  considerably,  but  it  should  be  noted  that  cases  1.  3.  and  6  struck  the 
terrain  under  uncontrollable  conditions.  Cases  2,  5,  and  6  point  out  the  fact  that  a  pitch  up  at  impact  is 

desirable  for  improved  survivability.  The  excessive  sink  velocity  in  cases  2  and  5  caused  excessive  fk  - 
acceleration  but  the  load  level  on  the  occupants  was  reduced  to  tolerable  values  by  the  stroking  landing  g  r  and 
seats  of  the  Ull  60. 

The  floor  acceleration  estimates  were  made  for  the  area  of  floor  near  the  seats.  Since  these  values  arc  estimates, 
the  values  suown  are  equal  to  or  greater  than  some  known  event (s) .  For  example,  in  case  four,  the  vertical  g 
peak  is  based  on  the  fact  that  the  energy  absorbing  pilot  seut .  designed  to  limit  the  seat  to  14.5  g  did  not  stroke, 
indicating  that  the  load  did  not  exceed  15  g  on  the  pilots. 

Landing  gear  energy  absorption  is  indicated  by  the  displacement  (stroke)  of  the  gear  und  the  average  force  level 
applied  to  the  fuselage  during  the  stroke  Note  that  the  I'll  -  60  provides  approximately  14  times  more  energy  absorp 
tion  than  docs  the  Ull  I  This  eapueity  will  hopefully  be  helpful  in  preventing  expensive  airframe  damage  caused 
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by  fuselage  belly  and/or  main  rotor  terrain  contact  in  high  sink  speed  and  roll-over  crashes. 

The  vertical  displacement  (stroke)  of  the  UH-60  seats  is  an  excellent  indicator  of  crash  performance.  If  the 
seat  does  not  stroke,  and  the  occupant  sustains  lower  spinal  column  fractures,  it  may  be  hypothesized  that  the 
load-limiting  shock-absorbers  have  provided  too  much  resistance.  The  current  production  UH  60  seats  are  de¬ 
signed  to  provide  a  load  level  of  14.5  g  on  a  50th  percentile  mass  occupant.  Table  1-4  shows  that  these  scats  stroked 
to  the  maximum  depth  available  in  ease  two  (0.37  m)  and  almost  the  maximum  depth  in  case  five  (0.34  m  and  0.  25  m); 
even  though  injuries  were  sustained,  it  is  noteworthy  that  no  spinel  column  fractures  occurred*.  The  absence  of 
spinal  injuries  in  cases  2  and  5*  provide  some  assurance  that  the  tolerance  of  these  pilots,  even  when  exposed  to 
simultaneous  forward  and  sideward  loads,  can  sustain  a  14.5  g  input  acceleration  without  spinal  column  fracture. 

A  U.S.  tri- service  program  is  currently  underway  at  Wayne  State  University  with  an  objective  to  establish  the  thres¬ 
hold  of  injury  level  for  combined  vertical  and  forward  loads  (see  papers  by  Desjardins  and  King  in  this  proceedings). 

The  item  in  Table  1-4  labeled  Protective  Container  provides  a  gross  indication  of  volume  change  in  the  aircraft's 
living  space  due  to  inward  deformation  It  should  be  noted  that  a  reduction  of  five  percent,  as  in  case  three,  was 
critical  because  the  change  occurred  in  the  cockpit  alone  and  the  inwardly  deformed  structure  caused  contact 
and/or  crushing  injuries. 

Although  the  four  survivable  UH-60  cases  do  not  provide  enough  injuries  with  which  to  make  statistically  valid 
conclusions,  some  tentative  comments  are  appropriate.  Overall,  it  can  be  seen  that  four  of  16  people  aboard  the 
UH-60  (in  cases  two  through  five)  were  fatalities;  the  four  fatalities  died  due  to  contact  injuries  rather  than  inertial 
acceleration  from  the  seats.  Since  some  of  these  accidents  occurred  recently,  injury  analysis  is  not  yet  complete, 
but  the  absence  of  spinal  column  injury  in  the  pilot's  seat  is  noteworthy* .  By  comparison,  it  can  be  seen  that 
seven  of  eight  occupants  in  the  two  UH-1  accidents  sustained  spinal  column  fractures  even  though  the  impact  condi¬ 
tions  are  less  severe.  Based  on  this  preliminary  data,  it  is  clear  that  the  UH-60  will  reduce  injuries,  especially 
spinal  injuries. 


TABLE  1-3 

GENERAL  CHARACTERISTICS  OF  UH-1  D/H  AND  UH-60A  HELICOPTERS 


Category 

Item 

UH-1 

UH-60 

li'rf/sttn'n 

H  I.IUII  1  u 

Design  Gross  Weight 

Empty  Weight 

4.5UU  Kg 

2400  kg 

92UU  kg 

6100  kg 

PERFORMANCE 

Dive  Speed  (VNE) 

124  ku 

193  kn 

Number  Engines 

1 

2 

Number  Main  Rotor  Blades 

2  Rigid  "Teeter"  Type 

4  Articulated 

Min.  Descent  Rate  in 
Autorotaiion  (100%  rpm) 

595  meters/min 
(63  kn  l.A.S.) 

732  meters/min 
(80  kn  l.A.S.) 

CRASHWORTHY 

STRUCTURE 

Turn -Over 

Capability 

4g  Vertical 

Only 

4g_.4g.42g.,  simultaneous 
^  x  y 

Landing  Gear  Type 

Cross  Tubes  4  Skids 

Conventional  Type,  Trailing 
Arm ,  Wheel 

Max .  Sink  Speed  at 

Total  Fuselage  Collapse 

7  9  meters /see 
(estimate) 

12.3  meters/sec  (design) 

Main  Transmission 

Tie-Down  Strength 

8g,  all  axes 

20g  Vertical, and  Forward, 

18g  Sideward 

PERSONNEL 

RESTRAINT 

Pilots 

1 5g  Vertical , 

15g  Forward, 
lOg  Side 

4gg  Vertical,* 

3Ug  Forwurd. 

18g  Side 

Troop  4  Gunners 

1  lg  Vertical . 
lOg  Forward . 
lOg  Side 

48g  Vertical  ,** 

24g  Forward , 

<8g  Side 

CRASHWORTHY 

FUEL  SYSTEM 

N>,  ober  Tanks  4  Location 

2  Belly  Tanks 

3  Above  Belly 

2  Above  Belly 

*vSeat  provides  31  cm  minimum  vertical  stroke  at  approx 
♦•^Scat  provides  38  cm  minimum  vertical  stroke  at  approx 

15g  load  on  occupant. 

15g  load  on  occupant . 

•A  spinal  fracture  did  occur  in  case  two,  but  our  initial  analysis  indicates  that  the  injury  was  caused  by 
failure  of  the  stroking  device  when  struck  by  a  nine  cm  diameter  tree  limb  which  permitted  the  seat  to  "free 
fall”  a  distance  of  approximately  three  cm  . 


o 


TABLE  1-4 


CRASHWORTHINESS  PERFORMANCE  COMPARISON 


ITEM 

ACCIDENT 

UH-60 "BLACKHAWK" 

^ _ UH-1  .  _ _ I] 

REF.  NO. 

1 

2 

3 

4 

5 

6 

7 

IMPACT 

Horiz  Vel. 

45 -60s 

3-4 

<2 

ZERO 

14-17 

5-8 

<2 

CONDITIONS 

(m/s) 

Vert.  Vel .4 

>15a 

>17 

9-11 

6 

15 

11-12 

6-9 

Crash  Path 

2-3 

<2 

<2 

<2 

9 

3-6 

<2 

Distance 

meterr 

meters 

meters 

meters 

meters 

meters 

meters 

Terrain 

Water , 

Swamp  & 

Sand  & 

Earth 

Sod  & 

Grassy 

Grassy 

3m  deep 

Trees 

Trees 

Trees 

Sod 

Sod 

AIRCRAFT 

Pitch 

90oa  to  135° 

15°  to  20° 

30°- 40° 

4° 

5° 

50° 

2° 

ATTITUDE 

(degree) 

Down 

Up 

Down 

Down 

Up 

Up 

Up 

Roll 

<15° 

<3° 

130°- 140° 

5° 

8° 

5° 

2° 

(degree) 

Right 

Left 

Left 

Right 

Right 

Yaw 

<15° 

3° 

20°-30° 

5° 

13° 

90° 

Spinning 

(d egree) 

Left 

Right 

Right 

Left 

Right 

to  Right 

FLOOR 

Horiz.  (g) 

>40 

<15 

20-30 

<3 

20-30 

10-15 

<5 

ACCELERA- 

Rearward 

TION 

Vertical  (g) 

>20  Up 

>50 

>10Up 

<15 

50 

15-25 

15-20 

Side  (g) 

>5 

>4 

>10 

<3 

10-15 

5-10 

<5 

LDG  GEAR 

Displaeemenl 

Unknown 

0 . 7m  @ 

None 

Unknown 

0.7m  @ 

0.2m® 

0.2m  @ 

STROKE 

(meters) 

12g 

12g 

3g 

3g 

SEAT 

Vert.DispI. 

None 

0.37  Lt 

None 

None 

0.34  Lt 

Zero 

Zero 

STROKE 

(meters) 

0.34  Rt 

0.25  Rt 

PROTECTIVE 

Living 

207, 

207b 

957 

1007 

60  7b 

607b 

957° 

CONTAINER 

Space 

at  rear 

at  rear 

at  rear 

at  reur  & 

at  reur 

Remaining 

front 

PERSONNEL 

Total 

3 

4 

2 

7 

3 

4 

4 

INJURY 

A 

Lt  Front 

Fatal 

Major 

Fatal 

Minor 

Minor0 

Fatal 

Major1! 

Rt  Front 

Fatal 

Critical1* 

Futal 

Minor 

Major* 

Major1* 

Major 

Lt  Gunner 

Not 

Critical 

Not 

Major 

Not 

Not 

Not 

Used 

Used 

Used 

U  sed 

Used 

Rt  Gunner 

Not 

Not 

Not 

Minor 

Critical^ 

Not 

Not 

Used 

Used 

Used 

U  sed 

Used 

Center 

Fatal 

Fatal 

Not 

Minor 

Not 

Not 

Not 

"Jumn" 

Used 

Used 

Used 

Used 

Troop 

Not 

Not 

Not 

Two 

Not 

Two 

Two 

Used 

Used 

U  sod 

w/Minor 

Used 

w /Major® 

w /Major1* 

a  Those  conditions  (velocity  and  attitude)  arc  deemed  nonsurvivable. 
b  ltoof  collapse, 
c  Cockpit  roof  collapse 
d  Spinal  vertebra  fracture 
e  Struck  helmet,  dazed 

f  Rt  Elbow  crushed.  Rt  side  helmet  impact,  fibula  su]>erior  end  f  x,  ankle  f  x  and  sternum, 
g  TI2  fx,  cardiac  contusion,  pulmonary  contusions,  sternum  contusion  and  concussion. 
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CHRONIC  EFFECTS  OF  +GZ  IMPACT  ON  THE  BABOON  SPINE 

D.  C.  Van  Sickle,  Professor  of  Anatomy,  Purdue  University,  W.  Lafayette,  IN  47307 
L.  E.  Kazarian,  Biodynamic  Effects  Branch,  AFAMRL,  Wright-Patterson  AFB,  OH  45433 


SUMMARY 

In  1974,  eight  male  baboons  weighing  20  kg.  were  subjected  to  subcritical  (i.e.,  no  direct  injury 
producing)  +Gz  impact  of  40  G  for  13-16  msec,  and  euthanatized  in  1979  and  1980.  Fran  the  serial 
radiographic  and  gross  pathological  data  validated  by  histopathology  and  histochemistry,  the  experimental 
condition  was  classified  in  all  8  animals  as  spondylosis  deformans  traumatica.  This  paper  provides  a 
detailed  time  lapse  anatomical  study  of  degenerative  changes  very  similar  to  human  spondylosis  deformans 
and  answers  the  question  can  traumatic  spondylosis  deformans  occur  without  radiographically  detectable 
vertebral  fracture.  The  results  of  this  study  indicate  that  in  the  baboon,  radiographic  examination  on 
the  day  of  exposure  to  excessive  mechanical  stress  will  reveal  no  significant  radiographic  changes,  but 
that  the  subsequent  appearance  of  spondylosis  deformans  strongly  suggests  that  the  pathological  changes 
are  the  direct  result  of  trauma. 

INTRODUCTION 

The  role  of  impact  or  repeated  impaction  producing  acute  clinical  injury  as  an  etiologic  factor 
initiating  or  accelerating  intervertebral  disk  deterioration  has  not  been  systematically  studied  in  the 
military  service.  In  an  attempt  to  explore  a  potential  relationship  of  subacute  trauma  to  spondylosis 
deformans,  this  initial  study  was  conducted  to  demonstrate  and  identify  the  developed  intensification  of 
objective  radiographic  signs  following  controlled  spinal  impact  in  the  baboon. 

Spondylosis  deformans  traumatica  is  a  disorder  of  the  spinal  column  initially  characterized  by  the 
presence  of  focal  or  diffuse  bony  spurs,  ledges  or  shelves  developing  at  the  junction  of  the  cortex  with 
the  upper  and/or  lower  marginal  ridges  of  the  vertebral  bodies  adjacent  to  degenerating  disks. 

the  appraisal  of  spondylosis  deformans  remains  difficult  considering  that  it  is  an  age  related 
phenomenon  whose  occurrence  is  also  conditional  by  such  factors  as  sex  and  occupation. 

The  purpose  of  this  paper  is  to  provide  time  lapse  anatomical  study  of  degenerative  changes  very 
similar  to  human  spondylosis  deformans  and  answer  the  following  question:  Can  traumatic  spondylosis 
deformans  occur  without  radiographically  detectable  spinal  damage  in  the  baboon? 


MATERIALS  AND  MSTHOOS 

The  animals  had  been  purchased  from  an  authorized  dealer,  quarantined,  tested  periodically  for  TO, 
examined  for  internal  parasites  and  treated  with  the  ^appropriate  parasiticide  when  necessary,  and 
maintained  on  a  special  formulated  diet  of  commercial  monkey  food.  During  July  and  August  of  1974,  eight 
male  baboons  (Papio  anubis)  designated  E— 16,  E-18,  E-20,  B-24,  E-26,  E^-28,  B-30,  E-34  and  weighing  20 
kg.,  were  radiographically  screened  to  insure  normalcy  and  that  no  congenital  or  acquired  anomalies  were 
present  which  might  be  misinterpreted  post-impact  as  induced  trauma.  The  Veterinary  Sciences  Division, 
AFAMRL,  was  responsible  for  the  preceding  care  as  well  as  the  radiography. 

Prior  to  impact  each  animal  was  radiographed  in  the  anterior-posterior  (AP)  and  lateral  positions. 
This  radiographic  data  provided  bcse  line  data  for  comparison  with  post-impjct  serial  radiographs  as 
suggested  by  Schmorl  md  Junghanns  ( 1 ) . 

At  the  time  of  impact,  the  animals  were  tranquilized  with  ketamine  hydrochloride  (mgAg  IM)  and 
transported  to  the  drcp  tower.  Each  baboon  was  placed  in  a  seat  in  a  sitting  position.  The  chest  was 
estrained  by  a  torso  harness  (about  the  nipple  line)  and  a  lap  belt  was  used  to  secure  the  lower  torso. 
The  legs  were  secured  with  ankle  belts,  the  head  was  nestled  between  the  arms  which  were  acutely  flexed 
at  the  elbow,  and  the  wrists  were  fastened  to  the  top  of  the  chair.  The  deceleration  forces  on  tlie  free 
falling  guided  impact  vehicle  with  the  seat  were  generated  by  impacting  alunirtm  honeycxxtb  core  material 
with  sufficient  energy  to  produce  to  60%  crushing.  The  rectangular  deceleration-time  history  was 
stipulated  by  the  vehicle  drop  height  as  well  as  the  engineering  specifications  of  the  honeycomb 
material.  Tt>  assure  the  desired  deceleration-time  history  was  executed,  a  whole  system  calibration  was 
carried  out  before  each  experiment.  The  calibration  signal  and  deceleration-time  history  were 
photographed.  The  impact  time  histories  were  recorded  using  piezoelectric  accelerometers  located  beneath 
the  seat  pan  and  impact  vehicle  base.  The  deceleration-time  history  resulted  in  an  average  plateai  of  40 
G's  with  a  time  of  duration  of  10-13  msec.  Each  baboon  was  then  removed  from  the  seat,  radiographed, 
placed  back  in  the  cage  and  closely  monitored  until  recovery  from  the  tranquilizer. 

Serial  radiographs  were  accomplished  at  15,  30,  45  and  60  days  post-impact  and  then  every  six  months 
until  euthanasia. 

In  1979,  five  of  the  animals  were  euthanatized  and  necropcied,  and  their  spines  were  photographed 
and  then  quickly  frozen.  In  1980,  the  remaining  three  baboons  plus  a  control  were  radiographed,  and 
hemograms  as  well  as  9ercm  chemistries  were  cbne.  Hiese  animals  were  euthanized  and  necropsied,  and  hard 
and  soft  tissues  were  processed  for  histopathology. 

RESULTS 

Clinically,  the  baboons  did  not  appear  to  suffer  any  post-impact  discomfort.  Radiographically,  the 
spinal  alterations  ranged  from  no  apparent  damage  to  a  minor  subluxation  in  the  thoraooluebar  transregion 
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(E34,  E30,  E18,  E16).  Within  12  months  an  increased  density  within  the  anterior  portion  of  the  annulus 
fibrosus  was  evident  in  E34,  E30  and  E18.  E34  also  had  decreased  waisting  of  the  anterior  surface  of  L2. 

In  the  lumbar  region  of  E18,  the  anterior-superior  border  of  the  vertebrae  appeared  indistinct.  In  many 
of  the  animals,  decreased  IVD  spaces  were  evident.  By  1977,  E34  had  very  evident  osteophytes  of  the 
caudal-inferior  aspect  of  L3-L5  while  L2  had  increased  density  of  the  centrum  irriictative  of  a  healed 
pressure  fracture.  In  the  spine  of  E18,  the  T12-T13  IVD  space  was  abolished,  and  increased  densities 
were  present  in  the  anterior  portion  of  the  annulus  fibrosus  of  T10-L5.  In  the  inferior  lumbar  IVD 
spaces,  the  ossification  of  the  annulus  fibrosus  (trabecular  pattern  visible)  was  less  dense,  while  in 
the  inferior  thoracic  region  they  were  more  dense.  L1-L2,  L1-T13  and  T12-T13  IVD  spaces  had  bridging 
osteophytes.  Also  in  this  time  frame,  the  articular  facets  of  the  lumbar  vertebrae  were  enlarging  as 
were  those  of  the  Til,  T12  and  T13.  By  1979,  all  the  spinal  columns  of  the  experimental  animals  had 
varying  degrees  of  pathology,  with  E24  having  the  least  amount  of  reaction. 

Following  necropsy  the  isolated  spine  was  radiographed  in  the  AP  and  lateral  positions  using  high 
contrast  film.  The  following  data  are  examples: 

-  E-30:  Bridging  osteophyte  -  T13-L5,  C7-T1 

-  Mineralization  of  annulus  fibrosus,  decreased  IVD  space  T5-L5 

-  increased  density  of  centrum  T11-L3 

-  Schmorl's  node  -  T11-T12 

-  Anterior  lateral  osteophyte  -  L3-L5  (L2-L3  &  " '2-T13  bridging) 

-  E— 18:  Osteophytes  L3-L7,  L3-L4  &  L1-T13  (bridging)  possibly  broken.  Large  bulbous  articular 
facets  in  lumbar  area. 

-  E-34:  Densities  of  the  anterior  portion  of  the  annulus  fibrosus  throughout  the  T-region,  with 
T1 0— 11,  T12,  T12-13  the  most  reactive.  Loss  of  IVD  space  T12-T13  &  L1-L2.  Osteophytes  in  the  lumbar 
region;  intense  reaction  on  superior  surface  of  each  lumbar  vertebrae,  initiating  in  the  region  behind 
the  epiphyseal  line.  Greater  osteophytosis  on  right  lateral  side  of  spinal  coluim  them  left,  which 
corresponded  to  the  fractured  side  of  the  pelvis  resulting  in  secondary  osteoarthrosis  of  the  right 
coxofemoral  joint. 

Grossly,  the  spines  from  the  thoracolumbar  area  to  the  sacrum  were  represented  by  bulbous 
intervertebral  spaces  between  vertebral  bodies  with  concave  contours.  Since  the  lumbar  vertebrae  are 
larger,  more  interiorly  in  the  spine,  it  appeared  as  if  the  o6teophytic  reaction  was  greater  more 
inferiorly.  However,  if  one  would  compare  the  degree  of  osteophytosis  with  the  size  of  the  centrum,  the 
greatest  reaction  was  at  the  thoracolumbar  region,  decreasing  in  intensity  either  superiorly  or 
inferiorly.  A  Schmorl's  node  was  observed  in  the  medullary  cavity  of  LI  of  several  baboons  originating 
from  the  T13-L1  IVD  space.  The  muscle  mass  of  the  dorsum  of  the  haooons  did  not  appear  atrophied.  The 
soft  tissues  were  unremarkable,  except  for  E— 1 8  where  the  visceral  and  parietal  pleura  were  adhered  frem 
T3  to  T12.  No  underlying  pulmonary  pathology  was  observed. 

The  h istopathology  verified  the  radiographic  art!  gross  pathological  bindings.  The  thoracolumbar 
area  of  E16  was  divided  horizontally  exposing  a  white  nodule  in  the  medullary  cavity  of  LI.  Upon 
microscopic  examination,  a  circumscribed  nodule  of  material,  apparently  a  degenerated  portion  of  the 
nucleus  pulposus  had  penetrated  the  end  plate  and  had  secondarily  became  surrounded  by  bone  trabeculae  of 
varyinq  size.  The  medullary  tissue  reaction  around  the  nodule  was  fihrous,  changing  to  adipose  and 
merging  with  hemopoietic.  The  portion  of  the  oortical  bone  adjacent  to  the  centrum  was  attached  by  the 
periosteum.  The  medullary  cavity,  which  the  bone  chip  had  covered  was  filled  with  adipose  bone  marrow. 
There  was  a  number  of  enlarged  trabeculae  extending  axially  as  well  as  in  the  superior  and  inferior  ends 
of  the  centrum.  The  trabeculae  were  composed  of  lamellar  bone,  and  some  were  large  enouc^i  to  contain 
osteons.  The  osteophytes  were  composed  of  cancellous  hone  and  red  bone  narrow.  On  one  lateral  side  of 
the  spine,  the  osteophytes  were  mature  and  briding  the  annulus,  while  on  the  other  side  there  was 
vascular  invasion  of  the  annulus  with  no  osteophytic  formation.  In  general,  a  large  initial  osteophyte 
appeared  to  develop  inferior  to  the  superior  edge  of  the  vertebrae.  One  large  bone  section  from  E— 1 8 
contained  four  IVD  spaces  and  three  bodies.  One  IVD  space  had  collapsed,  one  was  degenerating,  and  two 
were  in  fair  condition.  In  the  collapsed  IVD  space,  a  remnant  of  the  nucleus  pulposus  was  found  under 
the  posterior  ligament  in  the  vertebral  canal.  There  was  chondroid  metaplasia  in  the  center  of  the 
annulus  fibrosus  with  the  chondrocytes  arranged  in  chondrones.  There  was  a  great  amount  of  ossification 
in  the  anterior  portion  of  the  annulus  fibrosus  where  the  glycosaminoglycans  were  either  absent  or 
localized  in  cystic  areas.  There  was  an  apparent  fracture  of  the  superior  edge  of  the  vertehrae  which 
was  repaired  by  trabeculae  of  irregular  size  and  arrangement  and  surrounded  by  adipose  hone  narrow.  This 
area  was  enclosed  in  hematopoietic  bone  marrow.  The  articular  cartilage  of  the  facets  had  an  uneven 
articular  surface.  The  superficial  layer  of  the  articular  oartilage  was  missing  in  same  areas,  or  was 
acellular  in  others.  There  were  areas  of  multiple  tide  marks  indicating  progressive  remodelling. 

DISCUSSION 

From  the  preceding  data,  it  is  apparent  that  the  spines  of  the  baboons  developed  a  time-dependent 
spondylosis  accompanied  by  osteophytosis,  hyperostosis  and  articular  facet  osteoarthrosis.  Epstein  (2) 
suggests  that  "spondylosis"  refers  to  a  pathological  condition  arising  f ran  discal  degeneration  resulting 
in  osteophytosis  and  deformities  of  the  discs.  He  also  states  that  osteophytes  are  usually  asymptomatic 
and  that  large  paravertebral  ligamentous  calcification  appear,  particularly  at  the  thoracoluiitar  region 
when  laborers  are  engaged  in  excessive  bending  and/or  strain.  Hadley  (3)  correlated  the  radiology  and 
h istopathology  of  articular  facets,  and  Lewin  (4)  described  osteoarthritis  of  the  facets  in  the  lumbar 
region  of  the  spine.  Recently,  the  IVD  and  the  two  facet  joints  have  been  described  as  a  tripoidal  joint 
where  failure  in  one  will  have  secondary  effects  on  the  other  two  ccrxxxients  (9).  In  Schmorl  and 


1-3 


Junghanns  (t),  a  number  of  animal  experiments  are  listed  where  investigators  discussed  the  relationship 
between  spondylosis  arri  a  signle  trauma.  Many  of  these  experiments  required  invasive  techniques  which 
severely  compromises  the  animal  response. 

Therefore,  in  view  of  our  serial  radiographic,  gross  pathologic  as  well  as  histopathologic  results 
indicating  a  decrease  IVD  space  at  the  thoracolumbar  transregion,  the  secondary  margination  of 
anterolateral  osteophytes,  the  secondary  osteoarthrosis  of  articular  facets  and  the  presence  of  Schmorl's 
nodules  in  and  around  the  thoracolumbar  region,  it  has  been  decided  to  classify  this  condition  - 
Spondylosis  Deformans  Traumatica.  This  is  the  first  report  of  this  condition  being  experimentally 
produced  non-invasively  in  a  sub-human  primate.  Further  study  of  this  model  should  provide  definitive 
knowledge  relative  to  the  initial  observations  listed  in  this  paper  plus  provide  a  model  from  which  the 
initial  histochemical  and  biochemical  lesions  in  the  intervertebral  disc  can  be  learned. 

Operationally,  this  lends  credence  to  the  most  comron  site  of  injury  (T12-L1)  by  man  upon  ejection 
from  aircraft  and  will  provide  background  to  better  understand  the  pathology  of  injuries  suffered  by 
aircrewmen.  It  also  supports  the  conclusion  that  systematic  standardized  radiographic  skeletal  overviews 
should  be  accomplished  on  all  aircrewmen  recommended  for  flying  in  high  performance  aircraft.  If  a 
single  traumatic  incidence  can  induce  spondylosis  in  healthy  animals,  then  those  aircrewmen  who  have 
congenital  or  acquired  spinal  anomalies  may  weaken  the  integrity  of  their  entire  spine  and  may  be  in 
jeopardy  following  exposure  to  ejection  forces.  Likewise,  those  aircrewmen  who  have  ejected  should  have 
their  spines  monitored  more  closely  than  other  line  personnel.  If  an  aircrewman  has  ejected  more  than 
once,  then  it  becomes  inoperative  that  his  or  her  spine  be  monitored  very  closely.  As  stated  in  Schmorl 
and  Junghanns  —  "The  possible  deterioration  of  a  generalized  spondylosis  deformans  following  trauma  can 
not  be  denied." 
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The  experiment  reported  herein  was  conducted  according  to  the  principles  described  in  "Guide  for  the  Care 
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DISCUSSION 


UNIDENTIFIED  QUESTIONER 

A  question  was  asked  about  the  location  of  the  spinal  column  degeneration. 

AUTHOR'S  REPLY 

Well,  I'd  say  the  degeneration  of  intervertebral  discs.  I’m  not  sure  if  it's  the  annulus  or  the  nuclei , 

DR.  THOMAS  (USA) 

Is  it  possible  that  the  loss  of  this  kind  is  due  to  the  displacement  of  the  disk  into  the  adjacent  vertebral 
bodies? 

AUTHOR'S  REPLY 
Yes . 

DR.  THOMAS  (USA) 

Do  you  get  displacement  or  prolapse  of  the  disk  through  the  annulus-fibrosis  lateral^  or  posteriorly 
or  anteriorly  in  any  of  these  baboons? 

AUTHOR'S  REPLY 

Well,  it  looks  like  it  is  prolapsing  into  tt.c  vertebral  body. 

DR.  THOMAS  (USA) 

But  you  didn't  see  any  prolapse  into  the  spinal  canal? 

AUTHOR’S  REPLY 

No.  We  reported  one  in  our  preprint  where  it  appeared  that  the  nucleus  had  come  up  underneuth  the  poste¬ 
rior  ligament. 

DR.  THOMAS  (USA) 

But  it  didn't  break  through  and  become  a  free  body  in  the  spinal  canal? 

AUTHOR'S  REPLY 

No.  it  didn't  appear  to.  It  appeared  to  undergo  ehondroid  metaplasia  in-sitii. 

DR.  UNTER11ARNSC1IE1DT  (USA) 

Is  it  correct  that  some  of  the  material  penetrated  ttie  anterior  ligament? 

AUTHOR'S  REPLY 

1  did  not  see  any  that  penetrated  the  anterior . 

DR.  UNTKRHARNSCHE1BT  (USA) 

Didn't  some  part  of  it  penetrate  the  inner  part  of  the  ligament?  I  had  that  impression  in  some  of  the  photos 
AUTHOR'S  REPLY 

1  did  not  see  any.  We're  now  on  phusc  three  of  this  and  are  seeing  some  changes 

in  the  annulus . 

GEN  BI  RCHARD  (GE) 


How  does  the  aging  process  of  the  baboon  compare  to  humans,  and  how  fast  would  changes  like  this  appear 
in  humans  compared  to  baboons? 

AUTHOR'S  REPLY 

We  are  in  the  process  of  doing  a  developmental  study  on  aged  spines  in  the  baboon.  1  think  that  s  very  tm 
portant.  We  have  made  arrangements  with  the  Southeast  Research  Institute  to  get  their  aged  baboon  spines 
and  we  will  have  a  better  answer  to  that  question  hopefully  in  another  year  or  two.  As  to  the  ch  mge  rate  for 
human,  that's  beyond  me.  1  can  only  report  what  1  see  here.i.e.  ,  baboon.  We  are  seeing  changes  like  you  saw 
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in  the  helicopter  pilots  that  may  match  these  very  closely  .  To  put  myself  way  out  on  a  limb  ,  I'll  say  two  or 
three  years,  beeause  we  used  40g  while  most  of  our  people  receive  less  than  20g  when  they  eject .  So,  1  would 
almost  double  the  time,  but  I  think  it  happens.  We  are  also  eoneerned  that  people  flying  high  performance  air¬ 
craft  begin  their  careers  with  excellent  spines.  Beeause  it’s  going  to  happen  on  normal  spines  and  the  individual 
has  hemovertebra  or  some  other  spinal  abnormality .  I  think  it  would  be  very  bad  for  a  pilot  to  begin  training 
with  an  undiagnosed  spinal  abnormality;  it  would  intensify  the  pathology. 

DR.  VON  GIERKE  (USA)  COMMENT 

We  know  the  baboon  ean  stand  higher  acceleration  levels.  That  was  presented  at  the  Oporto  meeting  where 
we  showed  tolerance  eurves  of  the  baboon  versus  man  So  the  baboon  was  selected  to  more  or  less  simulate  just 
below  what  we  eall  fracture  toleranee  in  a  baboon. 

AUTHOR’S  REPLY 

However,  we  hope  to  get  a  better  handle  on  this  point  during  the  developmental  anatomv  so  that  we  can 
stage  a  better  chronology  . 

COL  KNAPP  (I  SA) 

Would  you  postulate  the  effect  of  ehronie  whole  body  vibration  on  acceleration  of  this  process? 

AUTHOR'S  REPLY 

I  do  not  know.  I  don't  have  any  idea  what  vibration  would  do  to  this.  I  think  after  we  have  done  the  impact 
work  it  would  be  very  interesting  to  do  the  vih ration  plus  impact  work  to  see  if  there  is  an  additive  effect  or  even 
a  synergistic  effect. 

COL  KNAPP  (USA) 

Based  on  your  findings,  are  you  prepared  to  recommend  that  all  pilot-patients  who  have  sustained  a  signifi¬ 
cant  but  subelinical  rg.,  spinal  fraeturc  should  have  yearly,  long-term,  radiologic  follow-up? 

AUTHOR'S  REPLY 

It  is  unknown  at  this  time  how  widespread  this  problem  is  in  pilots  who  have  substained  significant  fgjr 
impact.  However,  our  initial  research  indicates  that  the  primute  spine  has  the  potential  to  react  to  impact  by 
causing  spondylosis.  By  performing  an  epidemiological  study  on  those  individuals  who  have  suffered  impact 
and  by  increased  research  on  the  biological  potential  of  the  spine  a  more  definitive  answer  could  be  given. 

COL  KNAPP  (USA) 

Will  the  accumulated  X-ray  dose  justify  the  early  diagnosis  of  arthritic  disease  and  follow  up  data  derived 
thereof? 

AUTHOR'S  REPLY 

The  radiation  hazard  would  have  to  be  submitted  to  radiological  experts  for  this  evaluation. 

GEN  OR1)  (I  SA) 

Concerning  any  proposal  for  annual  radiographic  examination  of  the  spines  of  aviators  involved  with  impact 
incidents,  there  is  a  highly  significant  medieolegal  problem  related  to  the  radiation  exposure. 


AUTHOR'S  REPLY 

Radiation  hazards  should  be  determined  by  radiological  experts  prior  to  such  exposure.  If  a  risk  should 
be  determined,  another  approach  should  be  taken. 

DR.  LEVINE  (USA)  COMMENT 

1  will  argue  about  the  value  of  X-rays.  I  look  at  an  awful  lot  of  people  who  have  various  kinds  of  back  trauma 
in  my  practice.  I  cannot  correlate  X-ray  findings  with  pain.  I  see  some  terrible  looking  X  rays  and  the 
patient  has  no  pain.  1  see  some  X  rays  that  are  clean  and  beautiful  and  the  patient  lies  there  with  a  ruptured 
disk  I  question  what  the  X  rays  mean  on  follow  -up. 


COL  KNAPP  (USA) 

I  think  the  issue  here  goes  beyond.  It  goes  to  the  issue  of  retaining  a  pilot  who  is  demonstrating  architectural 
changes  in  his  load  bearing  spine  to  force  environments  that  may  aggravate  a  clinieal/orthopedie  problem  or 
may  cause  a  more  serious  problem  if  he  is  to  sustain  a  second  injury  problem .  So  this  is  both  an  epidemiologic 


1)1-3 


and  occupational  problem  .  My  earlier  question  was  baited  because  1  knew  what  Dr.  Kazarian  had  recommended , 
but  only  a  few  countries,  primarily  here  in  Europe,  arc  doing  the  X-ray  follow  up.  1  am  hopeful  that  this  one 
thing  will  come  out  of  this  meeting:  a  clear  statement  of  the  importance  of  some  type  of  follow-up  after  a  sub- 
elinieal  fracture. 

UNIDENTII  II  1)  QUESTIONER 

1  would  wonder  if  we  might  work  up  some  more  clinical-like  flexibility  .  1  think  if  we  could  determine  how 
much  the  spine  could  move  or  how  stiff  it  is  we  might  hnvc  more  useful  data  rather  than  looking  at  an  X  ray . 

AUTHOR'S  REPLY 

1  think  you  have  to  recognize  that  if  you're  going  to  have  a  decrease  in  intervertebral  disk  space  you  have  to 
have  an  increase  in  articular  facet  joint  area,  which  brings  about  a  decrease  in  total  range  of  motion  over  a 
period  of  time.  And  if  you  have  decreased  range  of  motion,  you're  going  to  bring  abojt  a  decrease  in  tolerance 
to  impact.  So,  then,  the  question  is.  should  an  individual  be  subjected  to  an  acceleration- time  history  in  an  area 
where  you  know  there's  a  high  range  of  motion  which  in  turn  is  saying  there  is  a  high  risk  area.  I  think  that's 
what  it  boils  down  to.  And  I  don't  think  we've  recognized  it  as  a  protdem  . 

DR.  VON  GIERKE  (USA)  COMMENT 

I  would  like  to  add,  we  recommend  .his  primarily  with  respect  lo  ejeetees  from  aircraft  where  we  have  a  much 
more  controlled  situation  than  we  have  normally  in  clinical  injuries  you  might  see.  So,  certainly  the  research 
results  we  would  get  out  of  such  follow -up  studies  would  be  much  better  controlled  than  in  general  practice. 

DR  l  NTER11ARNSCIIE1DT  (USA) 

Wo  should  not  only  look  at  these  problems  from  the  orthopedieal  standpoint  but  also  from  the  neurological 
standpoint,  beeause  compression  of  the  disk  means  compression  cf  the  posterior  roots.  Therefore,  pain 
and  perhaps  eompression  of  the  anterior  roots  and  »trophi»a. 

DR.  THOMAS  (USA)  COMMENT 

We  have  aviators  who  do  eject  and  sustain  vertebral  fractures  and  as  far  as  1  know  if  they  are  healed,  that 
is  basically  symptom  free,  they  return  to  flight.  The  general  feeling  is  that  they  are  a  higher  risk  of  further 
back  injuries  if  they  have  to  eject  again,  but  on  the  other  hand  they  are  extremely  valuable  people  because 
they  cost  so  much  money  to  train .  1  don't  think  that  the  line  services  regardless  of  architectural  damage  to 
an  aviator,  provided  he  could  do  his  joh;  I  don't  think  they  would  consider  not  using  him  again,  because  of 
his  value . 
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SUMMARY 

Head  protection  provided  by  helmets  or  padding  on  the  impacted  cadaver  skull 
surface  was  examined.  Using  unembalmed  human  cadaver  subjects,  frontal  and  lateral 
head  impacts  were  conducted.  Head  acceleration  and  intracranial  pressures  were 
measured  in  order  to  determine  the  head  and  brain  responses.  Brain  response  was 
further  analyzed  with  the  aid  of  a  finite  element  brain  model;  each  impact  was 
simulated  on  the  computer  to  determine  brain  stresses  and  displacement  du;  ing  the 
impact.  The  degree  of  protection  provided  can  be  quantified  by  compari'q  head 
acceleration  and  brain  pressures  for  equivalent  energy  impacts. 


INTRODUCTION 

Using  both  the  human  cadaver  and  a  mathematical  simulation,  a  series  of  helmeted 
and  non-helmeted  impacts  were  conducted. 

EXPERIMENTAL  METHODOLOGY 


FRONTAL  IMPACTS 

Seated,  stationary  cadaver  subjects  were  impacted  by  a  rigid  mass  traveling  at  a 
constant  velocity.  The  blow  was  delivered  to  the  frontal  bone  in  the  mid-saggital 
plane  in  an  anterior-posterior  direction.  The  skull  was  rotated  forward  so  that  the 
Frankfort  anatomical  plane  was  inclined  45  degrees  to  the  horizontal.  Various 
padding  materials  were  interposed  between  the  skull  and  impactor  to  vary  the  duration 
of  the  applied  load.  The  input  force  and  the  biaxial  acceleration-time  histories  of 
the  skull  were  recorded  during  the  impact  event.  Static  fluid  pressurization  of  the 
cranial  vascular  network  ano  cerebral  spinal  fluid  space  to  in  vivo  pressure  levels 
at  impact  was  also  performed.  Following  the  impact  exposure  the  brain  was  perfused 
with  a  10  per  cent  formalin  and  carbon  particle  solution.  Injury  to  the  contents  of 
the  cranium,  as  evidenced  by  extravasation  of  the  carbon  particles  into  the  brain 
tissue,  was  then  assessed  by  pathologic  examination. 

In  some  experiments  a  ventriculostomy  technique  was  employed  to  provide  input 
and  monitoring  sites  for  cerebral  spinal  fluid  simulation.  An  alternate  method  of 
pressurization  by  entering  the  dura  over  the  superior  surface  of  the  brain  for 
addition  and  removal  of  saline  via  No.  8  French  catheters  was  also  employed. 

In  addition  to  the  dynamic  measurements  of  input  force  and  head  acceleration,  a 
series  of  intracranial  pressure-time  histories  were  recorded.  Endevco  model  8510 
piezo-resistive  pressure  transducers  (resonant  frequency:  180KHz)  were  used  to 
monitor  the  dynamic  intracranial  pressure  during  the  impact  event.  A  5  mm  diameter 
hole  was  made  in  the  skull  and  the  bone  thickness  measured.  A  stainless  steel  nipple 
was  inserted  a  distance  equal  to  the  bone  thickness  and  the  pressure  transducer 
threaded  into  the  nipple  such  that  the  diaphragm  of  the  transducer  was  flush  with  the 
inner  surface  of  the  skull  to  prevent  bruising  of  the  brain  due  to  protrusion  of  the 
transducer  into  the  cranium.  In  all  but  one  (Experiment  36;  occipital  pressure  #2) 
of  the  pressure  transducer  placements,  the  dura  was  opened  at  the  insertion  site  to 
allow  subdural  pressure  measurement.  Transducers  were  placed  in  the  frontal  bone 
adjacent  to  the  impact  contact  area,  immediately  posterior  and  superior  to  the 
coronal  and  squamosal  sutures  respectively  in  the  parietal  bone,  and  inferior  to  the 
lambdoidal  suture  in  the  occipital  bone.  Additionally,  transducers  were  placed  in 
the  occipital  bone  at  the  posterior  fossa.  A  second  type  of  dynamic  pressure 
measurement  was  obtained  by  insertion  of  a  Kulite  model  MCP-808-9R  (resonant 
frequency:  150  KHz)  catheter  tip  pressure  transducer  in  the  internal  carotid  artery 
at  the  level  of  the  carotid  siphon. 

Due  to  the  limited  number  of  t:.  sducers  available  for  a  given  experiment  and 
the  desire  to  acquire  information  at  irious  anatomic  sites,  pressure  measurements 
were  not  duplicated  at  all  locations  ft  each  experiment.  Certain  measurements  were 
specifically  paired  to  examine  questions  of  pressure  pulse  symmetry  and  recording 
accuracy.  Bilateral  occipital  (Experiments  37,  38)  pressures  were  monitored  to  gain 
information  on  pulse  symmetry.  Transducers  were  also  placed  adjacent  to  each  other 
in  the  posterior  region  (Experiments  46-52)  and  occipital  (Experiment  36)  to 
determine  if  the  measurement  technique  would  yield  similar  results  in  essentially  the 
same  anatomical  area  of  the  skull. 

SIDE  IMPACTS 

In  this  series  impacts  were  conducted  on  the  lateral  aspect  of  unembalmed 
cadaver  heads.  The  cadaver  specimen  was  seated  in  an  upright  position.  The 
Frankfort  plane  was  maintained  in  a  horizontal  position  by  resting  the  mandible  on  a 
styrofoam  support  block  prior  to  impact.  The  skull  was  impacted  laterally  in  the 


area  of  the  parietal  bone  by  a  12.38  kg  pneumatically  actuated  piston.  The  impactor 
surface  was  a  circular  disc,  12.5  cm  in  diameter.  Paired  tests  were  conducted  in 
protected  and  unprotected  modes.  Impactor  terminal  velocity  was  measured  by  a 
magnetic  probe.  Intracranial  pressure  was  regulated  by  both  intravascular  and 
intracranial  (subdural)  catheters  connected  to  saline  reservoirs.  Just  prior  to 
impact  the  intravascular  pressure  was  adjusted  to  approximately  100  mm  Hg  via  a 
catheter  inserted  in  the  common  carotid  artery.  Intracranial  pressure  was  monitored 
by  a  water  manometer  and  was  adjusted  to  0  mm  Hg  prior  to  impact. 

As  in  the  frontal  impacts,  intracranial  pressure  was  measured  dynamically  at  the 
time  of  head  impact  by  piezo  resistive  pressure  transducers  (Endevco  model  8510, 
resonant  frequency  180  KHz)  which  were  inserted  into  the  subdural  space  at  designated 
locations.  Head  acceleration  was  measured  by  nine  Endevco  piezo  resistive 
accelerometers  (model  2264-2000;  resonant  frequency:  27  KHz)  mounted  on  an  Endevco 
triaxial  bracket  (model  21419). 

In  the  unprotected  tests  the  impactor  surface  was  covered  by  a  composite  of  two 
padding  materials:  1.5  cm  Ensolite  and  1.5  cm  open  cell  polystyrene.  In  the 
protected  tests,  the  head  was  fitted  with  a  Bell  model  R-T  helmet  [Helmets  supplied 
courtesy  of  Bell  Helmets,  Inc.)  This  helmet  utilizes  an  expanded  polystyrene  bead 
liner  material. 

The  accelerometer  bracket  was  rigidly  attached  to  the  head  opposite  the  side  of 
impact  by  drilling  a  clearance  hole  through  the  skull  and  securing  the  apex  of  the 
bracket  by  means  of  an  expanding  collet  at  the  end  of  a  threaded  shaft.  Two  of  the 
three  accelerometer  mount  legs  were  also  attached  to  the  skull  using  threaded  studs 
which  terminated  in  drilled  and  tapped  holes.  Dental  acrylic  applied  at  each  of  the 
three  attachment  points  acted  to  distribute  the  transmitted  loads  to  a  larger  surface 
area  of  the  skull.  A  portion  of  the  helmet  shell  opposite  the  side  of  impact  was 
removed  to  accomodate  the  accelerometer  mount.  Following  the  experiment  the  head  was 
affixed  in  a  measuring  jig  to  establish  the  coordinate  of  the  accelerometer  bracket 
legs  relative  to  the  origin  of  the  anatomic  coordinate  system.  These  components  of 
linear  and  rotational  acceleration  at  the  point  of  attachment  of  the  mounting  bracket 
were  calculated  from  the  nine  accelerometer  array  output  using  the  analysis  reported 
by  Padgaonkar  et  al.  [11  A  coordinate  transformation  was  then  implemented  to 
represent  these  data  at  the  origin  of  the  anatomic  axes.  The  sign  convention 
followed  for  the  anatomic  axes  was  positive  x,  y  and  z  directions  being  posterior- 
anterior,  laterally  right  to  left,  and  i  r.f  er  ior-super  ior  respectively.  All 
acceleration  data  discussed  subsequently  represents  values  at  the  origin  of  the 
anatomic  axes. 


RESULTS 


HEAD  ACCELERATION 

Acceleration  traces  differ  in  shape,  magnitude  and  duration  for  the  helmeted  and 
non-helmeted  impacts.  The  short  duration,  spike-shaped  trace  shown  in  Figure  1  is 
typical  of  the  resultant  head  accelerations  for  the  unprotected  head.  Pulse  duration 
is  increased  with  thicker  padding.  The  longer,  rounded  trace  shown  in  Figure  2  is 
characteristic  of  a  helmeted  impact,  where  the  helmet  liner  dissipates  impact  energy. 
In  some  impacts  an  oscillation  occurs  at  the  top  of  the  trace  (near  the  peak  value). 
This  is  caused  by  the  helmet  moving  with  respect  to  the  head,  shifting  position  on 
the  head. 

In  the  frontal  impacts,  the  resultant  head  acceleration  vector  lies  in  the 
midsaggital  plane,  the  acceleration  components  being  in  the  antero-posterior  and 
superior-inferior  directions.  In  the  side  impacts  the  head  is  acceleiated  in  all 
three  directions.  Thus  the  resultant  head  acceleration  vector  does  not  remain  in  a 
plane,  but  changes  direction  as  the  head  translates  and  rotates.  The  largest 
acceleration  component  is  in  the  impact  direction. 


INTRACRANIAL  PRESSURE 

The  maximum  positive  pressures  occur  near  the  impact  site  regardless  of  the 
impact  direction.  Maximum  pressure  and  head  acceleration  traces  are  similar  in  shape 
and  duration.  In  the  unprotected  head,  the  brain  experiences  a  sharp  spike-shaped 
pressure  pulse.  In  the  helmeted  head,  the  brain  pressures  are  lower  and  last  longer. 
(For  a  discussion  cf  these  pressure  differences  refer  to  the  brain  response  analysis 
section  of  this  paper.)  In  regions  surrounding  the  impact  site,  the  magnitude  of  the 
pressure  decreases  as  the  distance  from  the  impact  site  increases.  Opposite  the 
impact,  the  initial  dynamic  pressures  are  negative  when  measured  relative  to  the 
atmosphere.  Tension  stresses  develop  in  the  tissue.  The  internal  folds  of  dura 
influence  the  pressure  response.  Closely  spaced  transducers  on  opposite  sides  of  the 
membranes  recorded  different  pressures.  The  most  significant  difference  was  between 
the  right  and  left  side  of  the  falx  cerebri  in  the  lateral  impact  series.  Pressures 
are  also  affected  by  the  foramen  magnum;  pressures  near  this  opening  and  in  the 
posterior  fossa  were  low. 


FRONTAL  IMPACT  SERIES 

Important  variables  for  the  frontal  series  are  record'd  in  Table  1  and  compared 
graphically  in  Figures  3-9.  In  these  plots  kinetic  erergy  refers  to  the  following 
product:  1/2  x  impactor  mass  x  impactor  velocity2.  Skull  fracture  cases  were  not 
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RESULTANT  HEAD  ACCELERATION.  EXPT.  j»43W.  UNHELMETED 
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included. 

(1)  Peak  Head  Acceleration  vs.  Kinetic  Energy 

The  comparison  of  impact  energy  and  head  acceleration  in  Figure  3  demonstrates 
the  protection  provided  by  the  helmet.  Head  accelerations  are  low  in  the  helmeted 
impacts  even  at  high  energies.  The  helmet  effectively  dissipates  the  impact  energy. 
Non-helmeted  impacts  dissipate  equivalent  energy  when  a  thick  padding,  5.08  cm  of 
polystyrene,  is  used  on  the  impactor.  This  is  shown  by  the  overlapping  of  helmeted 
and  non-helmet  data  points.  In  the  high  energy  range,  unpadded  or  minimally  padded 
impacts  could  not  be  performed  for  comparison,  because  the  skull  would  have 
fractured.  Data  scatter  in  Figure  3  is  related  to  differences  in  impact  interfaces. 

(2)  The  U.S.  Federal  Head  Injury  Criterion  (HIC)  and  the  Gadd  Severity  Index  (GSI) 
vs.  Kinetic  Energy 

The  relationships  between  these  impact  severity  measures  and  the  impact  energy 
are  shown  in  Figures  4  and  5.  In  calculating  the  GSI  and  HIC  the  acceleration  is 
integrated  with  respect  to  time.  The  longer  helmeted  acceleration  traces  result  in 
higher  severity  values,  and  the  advantage  afforded  by  the  helmet  is  less  apparent. 
The  helmeted  data  points  are  still  clustered  on  the  low  side,  however.  As  in  Figure 
3,  the  non-helmeted  data  points  for  a  thickly  padded  impactor  overlap  helmeted  data. 

(3)  Peak  Frontal  Pressure  vs.  Kinetic  Energy 

The  relationship  between  maximum  intracranial  pressures  and  impact  energy  are 
shown  in  Figure  6.  Frontal  pressures  in  these  helmeted  frontal  impacts  could  not  be 
measured  because  the  helmet  would  destroy  the  transducer.  The  pressures  in  Figure  6 
were  obtained  from  the  finite  element  model.  Since  the  model  accurately  predicted 
the  pressures  at  other  locations  in  the  impact,  these  frontal  values  are  considered 
reliable.  The  results  show  that  pressures  are  low  in  the  helmeted  head. 

In  Figure  6,  horizontal  lines  representing  moderate  and  severe  injury  levels 
were  drawn.  These  pressure  levels  were  obtained  from  an  analysis  of  brain  injuries 
in  frontal  and  occipital  impacts  12).  The  study  showed  that  when  peak  pressures  were 
above  1758  Hg-mm  (34  psi)  the  brain  could  be  seriously  j  jured.  Between  1293  (25 
psi)  and  1758  Hg-mm  (34  psi)  moderate  brain  injuries  occurred,  and  below  1293  Hg  mm 
(25  psi)  the  injuries  were  only  minor.  Comparing  the  helmeted  results  to  these 
injury  levels  shows  that  the  helmet  prevented  severe  injury. 

(4)  Peak  Frontal  Pressure  vs.  Head  Acceleration 

A  linear  relationship  between  head  acceleration  and  peak  pressure  is  shown  in 
Figure  7.  Pressure  increases  as  acceleration  increases,  and  the  data  can  be 
approximated  with  a  regression  line.  As  in  Figure  6  the  peak  pressures  were  obtained 
from  the  finite  element  model  simulation.  But  even  without  these  points,  the  linear 
trend  is  apparent.  Some  scatter  is  attributed  to  differences  in  head  size  and  impact 
locations. 

(5)  The  Federal  Head  Injury  Criterion  (HIC)  and  Gadd  Severity  Index  (GSI)  vs. 
Peak  Head  Acceleration 

The  relationships  between  these  severity  measures  and  peak  head  acceleration  is 
shown  in  Figures  8  and  9.  Since  the  HIC  and  GSI  are  exponential  functions  of  head 
acceleration  the  data  exhibits  an  exponential  trend. 

SIDE  (LATERAL)  IMPACT  SERIES 

Results  from  the  side  impact  experiments  are  listed  in  Table  2,  and 
relationships  between  the  measured  quantities  are  graphed  in  Figures  10-16.  In  all 
of  the  non-helmeted  tests  a  thick  layer  of  padding  was  used  on  the  impactor,  the 
thinnest  layer  being  3  cm  thick.  Although  the  range  of  interface  conditions  is  not 
as  extensive  as  in  the  frontal  impacts,  the  same  trends  in  the  data  are  observed. 

(1)  Peak  Head  Acceleration  and  Kinetic  Energy 

Figure  10  shows  that  accelerations  of  the  helmeted  heads  are  low.  The  peak 
accelerations  are  only  about  half  those  of  the  non-helmeted  heads  in  the  high  energy 
impacts.  Some  of  this  difference  could  be  attributed  to  the  mass  of  the  helmet,  but 
not  reductions  of  this  magnitude.  The  weight  of  the  helmet  is  only  1000  gms. 

(2)  Maximum  Angular  Acceleration  About  the  V-Axis  vs.  Impactor  Kinetic  Energy 

The  helmet  also  reduces  the  angular  acceleration  as  shown  in  Figure  11.  For  the 
same  impact  energies,  helmeted  head  rotational  accelerations  are  lower.  As  in  Figure 
10.  differences  between  helmeted  and  non-helmeted  impacts  increase  at  higher  energy 
impacts. 

(3)  HIC  and  GSI  vs.  Impactor  Kinetic  Energy 

Relationships  between  the  head  injury  criterion  and  impact  energy  are  shown  in 
Figure  12  A  I  B..  As  in  the  frontal  impacts  (Figure  4)  the  helmeted  HIC  values  tend 
to  be  below  the  non-helmeted  values.  Because  the  HIC  and  GSI  are  integrated 
functions,  the  differences  between  the  helmeted  and  non-helmeted  data  points  are  not 
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FIGURE  5.  FRONTAL  IMPACT.  IMPACTOR  KINETIC  ENERGY  VS.  GADD  SEVERITY  INDEX. 
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FIGURE  6.  FRONTAL  IMPACT.  IMPACTOR  KINETIC  ENERGY  VS.  PEAK  FRONTAL  PRESSURE. 
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FIGURE  8.  FRONTAL  IMPACT.  PEAK  HEAD  ACCELERATION  VS.  HIC. 
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10.  LATERAL  IMPACT .  IUPACTOR  KINETIC  ENERGY  VS.  PEAK  HEAD  ACCF.LF.RATION. 
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FIGURE  11.  LATERAL  IMPACT.  IMPACTOR  KINETIC  ENERGY  VS.  MAXIMUM  ANGULAR 
ACCELERATION. 
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FIGURE  12  B.  LATERAL  IMPACT.  IMPACTOR  KINETIC  ENERGY  VS.  CADD  SEVERITY  INDEX. 
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as  great  as  in  the  acceleration  peak,  Figure  10. 

(4)  Peak  Frontal  Pressure  vs.  Impact  Kinetic  Energy 

Intracranial  pressure  is  related  to  impact  energy  in  Figure  13.  These  measured 
frontal  pressures,  on  the  struck  side  of  th  head,  approximate  the  maximum  positive 
pressure  at  the  impact  site.  For  the  same  impact  energy,  pressures  are  lower  in  the 
helmeted  head.  Since  injury  is  related  to  pressure  magnitude,  reducing  the  pressure 
reduces  the  occurrence  and  severity  of  brain  injuries. 

(5)  Peak  Frontal  Pressure  vs.  Peak  Head  Acceleration 

The  relationship  between  pressure  and  acceleration  tends  to  be  linear  for  both 
helmeted  and  non-helmeted  cases,  as  shown  in  Figure  14.  This  linearity  is  similar  to 
that  shown  by  the  frontal  impact  data  (Figure  7) ,  but  in  this  comparison  the  helmeted 
pressures  were  measured.  One  important  observation  is  that  for  the  same  head 
acceleration,  pressures  in  the  laterally  struck  head  are  lower,  approximately  one- 
half  the  magnitude  obtained  in  the  frontal  series.  This  is  due  to  the  falx  cerebri. 
This  membrane  divides  the  upper  brain  into  two  compartments  reducing  the  pressure 
responses  in  the  lateral  direction.  The  lengths  of  the  individual  sections  of  brain 
accelerated  are  one-half  the  brain  width. 

(6)  The  HIC  and  GSI  vs.  Peak  Head  Acceleration 

These  impact  severity  measures  are  related  to  head  acceleration  in  Figures  15 
and  16.  The  trend  is  similar  to  the  frontal  impact  series,  Figures  8  and  9.  Again 
the  relationship  appears  to  be  exponential  which  would  be  consistent  with  the  HIC  and 
GSI  derivation.  GSI  values  are  higher  than  HIC  values  for  the  same  impacts, 
especially  at  higher  accelerations.  This  is  due  to  the  maximization  procedure,  which 
limits  the  portion  of  the  acceleration  trace  used  in  the  HIC  calculation. 

BRAIN  RESPOND  ANALYSIS 


FINITE  ELEMENT  BRAIN  MODEL 

Stresses  and  displacements  throughout  the  brain  were  calculated  in  computer 
simulations.  An  analysis  procedure  known  as  the  finite  element  method  was  employed. 
Using  this  technique  the  structure  or  substance  to  be  analyzed  is  mathematically 
oiviaea  into  small  pieces  or  elements.  Equations  for  each  element  are  generated  in 
the  computer  and  then  combined  to  form  the  matrix  system  equation  of  motion.  In  this 
study  the  brain  and  contained  fluids  are  divided  into  six  sided,  eight  corner  (node) 
brick  elements.  The  assembled  elements  approximate  the  irregular  shape  of  the  brain 
where  the  edges  of  the  elements  form  a  grid  of  intersecting  lines.  Refer  to  Figure 
17.  Four  node  membrane  elements  are  assembled  to  simulate  the  internal  folds  of 
dura,  the  falx  and  the  tentorium.  In  all  elements  the  mass  is  considered 
concentrated  at  the  element  corners  or  nodes. 

The  internal  shape  of  the  skull  is  simulated  to  form  a  container  for  the  brain. 
An  opening  representing  the  foramen  magnum  is  modeled  and  allows  movement  of  the 
cervical  cord  into  and  out  of  the  cranial  cavity.  In  these  test  simulations  the 
container  or  skull  is  mathematically  moved  in  space  as  the  head  moved  in  the  impact. 

MATERIAL  PROPERTIES 

Material  constants  for  the  composite  intracranial  material  -  brain,  vasculature 
and  contained  fluids,  were  obtained  from  a  parametric  study  in  which  measured  and 
computed  intracranial  pressures  were  compared.  Properties  which  provided  good 
correlation  were  selected.  Although  the  selection  was  based  on  a  series  of  thirteen 
tests  (tests  36-38,  41-44,  46-50  and  54)  subsequent  simulations  have  demonstrated 
good  correlation  using  these  properties.  A  Young's  modulus  of  5  x  103  mm-Hg  has 
provided  good  results  for  all  tests. 

Compressibility  of  the  material  was  shown  to  be  strain  or  loading  rate 
dependent.  At  higher  rates  of  onset,  the  intracranial  material  becomes  less 
compressible.  This  is  thought  to  be  a  function  of  flow  into  and  out  of  the  cranial 
cavity;  at  a  slow  rate  of  onset,  the  pressure-relieving  flow  has  a  greater  influence 
on  response.  In  the  brain  material  elements,  the  compressibility,  as  defined  by 
Poisson's  ratio,  is  varied  between  the  values  0.48  and  0.499.  Value  selection  is 
based  on  the  head  acceleration  rise  time,  rise  time  being  inversely  proportional  to 
rate  of  onset  for  equivalent  head  accelerations.  A  non-linear  approach  which  would 
automatically  select  a  value  based  on  instantaneous  element  strain  rate  is  being 
considered,  but  unfortunately  it  would  increase  the  cost  of  solution  by  a  factor  of 
f  ive. 

Whether  manually  or  automatically  selected,  these  higher  values  of  Poisson's 
ratio  require  a  special  element.  Ordinarily,  finite  element  equations  become 
unstable  as  the  material  idealization  approaches  incompressibility  (Poisson’s  ratio 
approaching  0.5).  To  avoid  this  instability,  a  split  energy  element  was  developed, 
verified,  and  implemented.  This  element  is  stable  for  all  values  of  Poisson’s  ratio 
and  can  more  accurately  predict  response. 

SOLUTION  PROCEDURE 


The  equations  are  generated  in  terms  of  a  skull  fixed  axis.  Head  motion  is 
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FIGURE  13.  LATERAL  IMPACT.  IMPACTOR  KINETIC  ENERGY  VS.  PEAK  FRONTAL  PRESSURE. 
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FIGURE  16.  LATERAL  IMPACT.  PEAK  HEAD  ACCELERATION  VS.  HIC. 


imposed  by  mathematically  translating  and  rotating  the  axis  frame  as  the  head 
translates  and  rotates  in  the  impact  experiment.  Using  this  procedure  the  nonlinear 
terms  due  to  large  rotation  and  displacements  of  the  head  are  eliminated.  Measured 
head  rotations  and  displacement  are  incorporated  as  known  forces  on  the  right  side  of 
the  system  equation  of  motion.  Since  displacements  of  the  brain  relative  to  the 
skull  are  small,  and  the  events  are  of  short  duration  (less  than  10  msec)  the 
response  can  be  approximated  with  a  linear  relationship. 

The  resulting  system  equation  of  motion  is  solved  using  direct  integration.  A 
general  purpose  finite  element  program  named  EASE  2  is  used.  EASE  2  was  especially 
modified  for  the  brain  model  calculations  and  is  available  internationally  through 
the  Control  Data  Corporation  Cybernet  system. 

BRAIN  MODEL  RESULTS 

The  model-predicted  brain  response  is  shown  for  a  helmeted  and  unhelmeted 
impact.  Figures  18  and  19.  In  these  two  frontal  impacts,  the  pressure  or  stress 
responses  show  that  the  brain  tends  to  lag  the  skull.  Brain  tissue  compresses 
against  the  skull  near  the  impact  site,  and  is  in  tension  opposite  the  impact.  The 
result  is  a  pressure  gradient.  When  the  head  translates  along  all  three  axes,  as  in 
the  lateral  impacts,  three  superimposed  pressure  gradients  develop.  Each  gradient  is 
proportional  to  the  acceleration  along  its  axis. 

The  brain  also  lags  the  skull  in  rotation,  producing  shear  stresses  and  strains 
along  the  brain  skull  interface.  In  both  head  rotation  and  translation,  the  falx  and 
tentorium  help  position  the  brain.  In  effect,  they  partition  the  intracranial 
cavity.  Instead  of  a  single  rotational  displacement  of  the  brain  as  hypothesized  by 
Holbourn  [31,  separate  rotational  motions  develop  in  each  compartment.  These 
rotations  in  the  cerebrum  and  cerebellum  produce  a  complex  interaction  with  the 
brainstem,  the  interconnecting  brain  structure. 

Brain  displacements  are  small,  a  few  millimeters  in  most  cases.  Though  the 
displacements  depend  on  the  event,  in  general,  they  are  largest  in  the  brain  stem  and 
cerebral  cortex.  When  a  superior-inferior  component  of  motion  is  present, 
displacements  of  the  cervical  cord  influence  the  brain  response.  In  these  impacts 
the  brainstem  may  be  stretched  or  compressed. 

BRAIN  RESPONSE  AND  INJURY 

The  injuries  observed  in  this  test  series  can  be  related  to  the  brain  motion. 
Contusions  develop  in  the  high  pressure  regions  near  the  impact.  Focal  injuries 
develop  opposite  the  impact  where  brain  tension  stresses  are  high.  Subarachnoid  and 
subpial  hemorrhage  occur  in  high  shear  strain  regions  and  where  tension  stresses 
develop  on  the  brain  surface.  Petechial  hemorrhages  were  observed  in  the  high  shear 
strain  regions  of  the  brain  stem. 

Using  the  maximum  intracranial  pressure  (hydrostatic  stress)  values  as  a 
quantitative  measure  of  the  brain  responses,  a  relationship  between  injury  severity 
and  brain  response  was  formulated  for  frontal  impacts.  Compression  stresses  of  1758 
mm-Hg  (34  psi)  are  associated  with  serious  brain  trauma.  This  compressive  stress  can 
produce  brain  contusions  near  the  impact  site.  Responses  of  this  magnitude  are  also 
associated  with  hemorrhages  in  the  brain  stem  and  in  the  material  surrounding  the 
brain.  If  the  brain  stresses  are  between  1293  mm-Hg  (25  psi)  and  1758  mm-Hg  (34  psi) 
the  injuries,  if  they  occur,  are  moderate.  Below  1293  mm-Hg,  the  injuries  are  no 
more  than  minor. 


1.  Unembalmed  pressurized  cadaver  subjects  were  successfully  used  in  an 
investigation  of  head  protection  measures  and  brain  response. 

2.  Padding  on  the  impacted  surface  and  helmets  significantly  reduce  the  head 
acceleration  and  intracranial  pressures  in  a  head  impact.  Higher  energy  impacts  can 
be  tolerated  without  injury.  The  degree  of  protection  can  be  assessed  by  comparing 
the  head  acceleration  and/or  the  peak  intracranial  pressure  for  equivalent  energy 
impacts. 

3.  The  relationship  between  intracranial  pressure  and  head  acceleration  tends 
to  be  linear.  The  Gadd  Severity  Index  and  Head  Injury  Criterion  are  exponential 
functions  of  head  acceleration  and  therefore  tend  to  be  exponentially  related  to  the 
peak  head  acceleration  and  intracranial  pressure. 

4.  The  finite  element  model  can  accurately  predict  intracranial  pressure 
(stress)  for  both  lateral  and  finite  impacts.  To  obtain  good  correlation  the  model 
must  approximate  the  size  and  shape  of  the  brain,  simulate  the  partitioning  internal 
folds  of  dura,  have  an  opening  for  the  foramen  magnum,  and  provide  some  effective 
compressibility. 

5.  The  experimental  and  model  results  show  that  the  brain  tends  to  lag  the 
skull  producing  pressure  gradients.  In  the  side  impact  where  the  head  accelerates 
along  all  three  axis,  the  pressure  gradients  are  superimposed.  The  magnitude  of  each 
gradient  is  proportional  to  the  magnitude  of  the  acceleration  along  its  axis.  The 
largest  component  in  both  the  lateral  and  frontal  tests  is  in  the  direction  of 
impact. 

6.  In  frontal  impacts,  a  relationship  exists  between  brain  response  as 
defined  by  the  peak  intracranial  pressure,  and  injury.  Severe  injur’es  only  occur 
when  the  pressures  or  stresses  exceed  1758  mm-Hg.  Moderate  injuries  occur  between 
1758  and  1293  mm-Hg.  Below  1293  mm-Hg  the  injuries,  if  they  occur,  are  only  miner. 
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TABLE  1. 


EXPT. 

SPECIMEN 
SPEC#/ SEX 

FRONTAL 

CONDITION  KINETIC 

(INTERFACE)  ENERGY 

(cm)  (Joules) 

IMPACTS 

PEAK  HEAD 
ACCELERATION 

(MSec2  X  103) 

HIC 

GADD 

FRONTAL 

PRESSURE 

(mm-Hg) 

15 

7  8M 

Isomode 

1.4 

105 

1.91 

627 

7  87 

- 

17 

79M 

Isomode 

.7 

142 

3.21 

1507 

1882 

- 

18 

81M 

Rubber 

.2 

247 

2.13 

366 

432 

-- 

19 

82F 

Isomode 

1.4 

132 

2.32 

845 

1131 

- 

26 

85M 

Isomode 

1.4 

57 

1.20 

251 

313 

- 

27 

86M 

Ensolite 

2,54 

37 

.43 

31 

45 

- 

28 

89F 

Isomode 

1.4 

102 

2.70 

1316 

1544 

- 

29 

91M 

Rubber 

.2 

34 

2.90 

6  57 

847 

- 

31 

94M 

Isomode 

2.1 

137 

1.73 

624 

750 

- 

32 

95F 

Isomode 

1.4 

138 

2.76 

1443 

1691 

- 

36 

101F 

Isomode 

1.4 

205 

2.30 

923 

1068 

1022 

1  hop 

Isomode 

2.1 

276 

2.00 

744 

861 

1059 

38 

109F 

Isomode 

1.4 

245 

2.42 

980 

1153 

1041 

41 

111F 

Polystyrene 

5.08 

1900 

3.90 

3765 

47  56 

3207 

f2 

112F 

Folystyrene 

5.08 

438 

1.59 

703 

842 

- 

43 

115F 

Polystyrene 

5.08 

438 

2.23 

804 

1008 

2031 

44 

117F 

Polystyrene 

5.08 

50 

1.52 

551 

675 

764 

46 

1  20M 

Polystyrene 

5.08 

51 

.31 

32 

36 

174 

47 

120M 

Ensolite 

2.54 

51 

.29 

21 

24 

194 

48 

1  20M 

Isomode 

1.3 

46 

1.28 

297 

342 

929 

49 

120M 

Rubber 

.2 

182 

3.42 

1008 

1153 

1969 

50 

1 20M 

Polystyrene 

5.08 

182 

1.42 

539 

675 

1175 

54 

122M 

Polystyrene 

5.08 

184 

2.34 

820 

1061 

2059 

55 

•  132F 

Helaeted  + 

149 

1.65 

563 

669 

- 

Isomode 

.7 
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EXPT. 


SPECIMEN  CONDITION 
SPEC#/ SEX  (INTERFACE) 
(cm) 


KINETIC 

ENERGY 

(Joules) 


PEAK  HEAD  HIC  GADD 
ACCELERATION 

(MSec2  X  1 03 ) 


FRONTAL 

PRESSURE 

(mm-Hg) 


56 

*  13  2D 

Helmeted  + 
Isomode 
.7 

281 

1.13 

221 

252 

57 

*  132F 

Helmeted  + 
Isomode 
.7 

427 

1.43 

367 

421 

- 

58 

*  132F 

Helmeted  + 
Isomode 
.7 

303 

1.19 

298 

351 

- 

59 

*  132F 

Helmeted  + 
Isomode 
.7 

406 

1.51 

546 

641 

60 

*  132F 

Helmeted  + 
Isomode 
.7 

741 

1.67 

1010 

1092 

63 

*  132F 

Helmeted  + 
Isomode 
.7 

733 

1.98 

1000 

1087 

64 

139M 

Helmeted  + 
Isomode 
.7 

719 

2.67 

26  85 

2820 

1548** 

65 

140M 

Helmeted  + 
Isomode 
.7 

532 

1.97 

1542 

16  27 

1113** 

56 

141M 

Helmeted  + 
Isomode 
.7 

250 

1.26 

46  2 

544 

707** 

67 

142F 

Helmeted  + 
Isomode 
.7 

388 

1.96 

1581 

1585 

1126** 

68 

144F 

Helmeted  + 

458 

1.43 

807 

857 

775** 

Isomode 

.7 


*  Indicates  Embalmed  Specimen 


**From  Finite  Model 


TABLE  2. 
SIDE  IMPACTS 
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EXPT. 

SPECIMEN 

SPECt/SEX 

CONDITION 

(INTERFACE) 

(cm; 

KINETIC 

ENERGY 

(Joules) 

PEAK  HEAD 
ACCELERATION 

(M/Sec2  X  103) 

HIC 

GADD 

PEAK 

FRONTAL 

P’  iiSSl’RE 
imm-Hg) 

70W 

147M 

Ensol ite 
(3) 

89 

1.29 

- 

1308 

- 

71W 

147M 

Ensolite 

(3) 

119 

2.08 

1796 

2085 

- 

72W 

147M 

Polystyrene 

(3.1) 

119 

3.28 

3613 

4566 

- 

73W 

1 47M 

Polystyrene 

(3.1) 

89 

2.62 

2179 

2624 

- 

74W 

1  50F 

Ensolite 

(3) 

135 

1.29 

456 

553 

454 

76W 

1  52F 

Ensolite 

(3) 

165 

4.43 

2625 

3452 

1800 

77W 

1  53F 

Polystyrene 

(3.1) 

195 

11 .66 

- 

- 

- 

78W 

1 54F 

Polystyrene 

(3.1) 

215 

5.4 

- 

- 

- 

84W 

1 58F 

Polystyrene 
+  Ensolite 
(4  .1) 

225 

1.47 

411 

488 

~ 

85W 

1  58" 

Helmeted 

159 

1.25 

56  4 

711 

3  42 

87  W 

1 58F 

Polystyrene 
+  Ensolite 
(4.1) 

159 

2.33 

923 

1152 

815 

88W 

1  58F 

Polystyrene 
+  Ensolite 
(4.1) 

399 

7.69 

5337 

7343 

1276 

09W 

1  58F 

Helmeted 

3  23 

1.71 

810 

945 

552 

90W 

158F 

Helmeted 

440 

2.83 

1690 

2001 

662 

91W 

1  58F 

Helmeted 

476 

3.08 

2022 

2517 

863 

92W 

1 08F 

Polystyrene 
+  Ensolite 
(4.1) 

425 

5.44 

3234 

5620 

957 

93W 

1 58F 

Polystyrene 
+  Ensolite 
(4.1) 

533 

6.89 

2584 

5142 

1432 

DM 


DR.  SHANAH \N  (USA) 


DISCUSSION 


You  are  really  comparing  in  these  tests,  the  effect  of  the  helmet  shell  in  that  you  are  using  a  padded  im- 
paetor  for  your  unprotected  samples  and  a  helmet  with  built-in  padding  for  the  other.  1  was  wondering  if 
you  have  considered  using  this  particular  set-up  to  compare  the  effect  of  different  types  of  materials  for  helmet 
shells . 

AUTHOR'S  REPLY 

Yes,  1  think  it's  very  appropriate  to  use  it  for  different  helmet  shells.  We  have  done  different  types  of 
helmets;  however,  this  data  was  only  from  the  polystyrene.  I  think  in  addition  to  the  helmet  though  we  have  a 
different  contact  area  when  the  head  hits  a  flat  surface,  it's  a  rather  finite  area  with  a  helmet ed  liner,  the  more 
the  head  deforms  into  that  liner,  the  more  contact  area  you're  getting,  and  so  1  think  that's  also  included  in 
the  protection  that  was  provided  by  the  helmet. 

UNIDENTIFIED  QUESTIONER 

If  1  understand  one  of  your  curves  correctly ,  you  showed  the  MIC  and  the  GADD  indices  for  frontal  impact 
as  being  higher  than  for  unprotected  head.  Did  1  read  those  curves  correctly?  I  did  notice  that  the  IRC  and 
the  GADD  indices  seemed  to  be  higher  and  you  explained  that  because  they  were  exponentials. 

AUTHOR’S  REPLY 


1  showed  two  comparisons  with  them,  whether  it  was  relative  to  the  energy  of  the  impactor,  or  relative  to 
the  head  acceleration.  1  think  if  it  was  the  exponential,  it  was  comparing  it  to  the  head  acceleration. 

UNIDENTIFIED  QUESTIONER 

Yes,  because  it  seemed  to  imply  that  with  the  helmetcd  impact  with  a  longer  time  duration,  you  would  get 
a  higher  H1C  or  GADD  index  number  than  you  would  with  the  unhclmeted  head.  What  does  that  imply? 

Would  you  expect  a  higher  index  number  because  of  the  time  duration? 

AUTHOR'S  REPLY 


No.  You  would  expect  a  higher  H1C  in  unhclmeted  impact  of  the  same  energy,  but  the  difference  is  not  as 
significant  as  if  you  wore  just  eoaiparing  head  accelerations  because  of  the  integration  thut  tends  to  increase 
the  1IIC  in  the  helmetcd  ease.  Hut  time  is  not  as  significant  ns  the  peak  g  value. 

UNIDI  vril  lEl) QUESTIONER 

The  automotive  industry  looks  at  a  111C  of  more  than  1000  as  injurious,  and  certainly  significant,  and  if  1  were 
to  wear  a  helmet  and  the  helmet  gave  me  a  MIC  more  than  1000.  it  would  he  unacceptable.  That's  what  I  am 
asking.  If  i  were  wearing  a  helmet  in  an  automobile,  the  1HC  thut  I  would  expect  would  be  higher  than  if  1 
were  not  wearing  a  helmet  in  an  automobile  with  the  same  impact. 

AUTHOR’S  REPLY 

I  think  there  is  a  risk  in  using  the  1 1 1C  on  a  lielmeted  head  ease  because  of  this  problem.  You  can  stay  below 
the  injury  level  and  still  have  u  high  MIC. 

I)R.  THOMAS  (USA) 

The  original  American  National  Standards  ANhl  (Z9U)  standards  tor  helmet  protection  were  ba.‘i"d  on  linear 
acceleration  measurements  and  the  duration  of  that  linear  acceleration.  That  standard  has  existed  for  years  and 
is  based  upon  experimental  work  eondueted  at  Wayne  State  University  in  the  40s  and  50s  era.  The  11 1C  is  a 
creation  of  a  bureaucracy .  As  far  as  1  know  .  there  is  no  experimental  information  to  determine  that  the  1I1C  dis 
criminates  between  injury  and  noninjury  better  than  linear  acceleration.  The  data  that  you  present  here 
indicates  that  peak  linear  acceleration  is  a  much  better  discriminator.  Therefore,  why  use  the  1110  at  all? 

AUTHOR'S  REPLY 

Well,  I’m  not  a  member  of  the  bureaucracy  that  created  tile  Hit'  and  I  probably  would  use  linear  acceleration 
a::  a  criteria. 

UM1>1  M  il  II  DQll  SUONl  K 

Ms.  Ward,  can  you  say  something  about  the  test  center  and  how  you  did  the  impacts'’ 
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AUTHOR'S  REPLY 

Tho  subject  is  seated  in  front  of  an  impactor  and  the  impactor  is  traveling  at  constant  velocity  when  it  impacts 
the  head.  We  use  different  padding  material  on  the  impactor  and  different  weights  of  impactor  to  obtain  different 
energy  levels.  The  accelerations  were  recorded  during  the  impact . 

UMDtNTUTHl)  QUESTION!  R 

With  cerebral  injuries,  are  you  sure  there  arc  no  artifacts  with  your  methods? 

AUTHOR'S  REPLY 

Well,  we  did  run  controls  and  found  that  there  were  no  injuries  in  the  controls,  but  yo„  ^on’t  always  injure 
the  brain.  Some  brains  seem  to  be  able  to  tolerate  a  great  deal  more  than  others,  so  that  not  every  brain  is 
injured  at  the  injury  level  shown  in  our  paper. 

UNIDI  NTIITH)  Ql>SHOM  R 

What  level  of  errors  would  you  expect  in  measuring  dynamic  pressures  in  the  brain? 

AUTHOR'S  REPLY 

We  did  do  tests  about  four  years  ago, not  in  the  skull,  but  in  water  on  transducers, comparing  them  to  others 
at  impact.  1  don't  think  that  bur  technicians  found  any  major  problems.  I  know  that  a  number  of  other  people 
are  using  the  same  pressure  transducers ,  the  University  of  Michigan  uses  them  .  and  they  haven't  found  any 
errors  of  significance.  1  might  expect  maybe  10°  at  most. 

DR.  VON  GIERKE  'USA) 

1  basically  disagree  when  you  say  you  have  good  correlation  between  pressure  and  head  injury .  I  don't  think 
the  pressures  produce  any  injury.  It's  a  pressure  gradient  which  would  produce  the  injury,  therefore  1  think 
you  have  the  same  injury  mechanism  in  front  and  back.  This  comment  might  not  be  so  important  for  your  specific 
res’. Its  and  comparisons  for  this  impactor  for  this  weight  and  this  helmet ,  but  basically  you  have  a  pr<  ure  wave 
as  you  showed  it  on  the  last  slide.  The  one  with  the  higher  peak  has  a  higher  pressure  gradient  and  a  pressure 
gradient  causes  the  injury.  If  you  compressed  the' whole  brain  uniformly,  you  would  have  no  injury. 

AUTHOR’S  REPLY 

Well.  I'm  sure  if  you  applied  the  pressure  very  slowly  and  didn't  let  the  brain  move  as  it  was  being  compressed , 
you  probably  wouldn't  injure  the1  brain .  Perhaps  our  statement  is  too  simple.  What  we're  saying  is  you  can  get 
a  dynamic  stress  that's  high  in  a  specific  area  and  when  you  look  at  the  brain  you  sec  an  injury  in  that  area. 
Whether  it’s  the  high  pressure  or  the  gradient  in  that  pressure.  1  wouldn't  say,  hut  that's  what  we  observed. 

DR.  VON  GIERKE  (USA) 

Hut  you  agree  it  is  a  pressure  wave  traveling  through  the  skull  mid  if  you  assume  compression  of  the  brain 
tissue,  it  is  not  really  tile  compressibility .  That  is  a  mathematical  compressibility  you  introduced  because  your 
theory  does  not  take  care  of  the  deformation  of  the  skull  and  the  accompanying  shear  in  the  brain  tissue.  The 
damage  can  only  come  from  pressure  gradients 

AUTHOR’S  REPLY 

No.  1  think  that's  where  the  misunderstanding  is.  We’re  not  dealing  primarily  with  the  pressure  wave  trails 
mitted  through  the  brain  If  we  hit  the  skull  on  this  aide,  the  skull  comes  up  against  the  brain  and  pushes  it 
along  and  develops  high  contact  pressure,  lit  a  way  it’s  like  an  inertia  of  the  brain.  The  bigger  the  bruin  is, 
tin-  harder  it  pushes  on  the  skull,  and  that's  apparent  in  the  side  impacts. 

OR  VON  GlI  RKE  (USA) 

It  is  important  when  you  go  to  blunt  impacts  where  your  time  duration  is  longer;  therefore,  your  wave  has  a 
longer  time,  and  you  have  a  different  situation.  1  don't  think  the  pressure  criteria  at  all  levels  can  he  transmitted, 
and  applied  to  completely  different  types  of  impacts  to  the  skull. 

AUTHOR'S  Rl  PLY 

We  used  the  pressure  criteria  (pressure  values)  as  a  measure  of  brain  response.  If  the  brain  moves  a  lot,  it 
has  high  pressures  on  one  side,  and  low  pressures  on  the  other.  So.  it's  a  measure  of  what's  going  on  inside 
the  head.  Some  injuries  don't  occur  at  the  high  pressure  regions  like  in  the  brain  stem,  and  we  know  it  is  shear 
strain  in  response  to  wind's  going  on  and  response  to  how  the  bruin  is  moving.  The  mori  the  brain  moves  the 
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more  the  shear  strain  and  the  higher  the  pressure.  So.  in  a  sense  we're  using  pressures  as  a  rneasut  of  brain 
response.  We  arc  not  saying  that  because  it's  under  a  lot  of  pressure,  it  fails.  It  docs  fail  under  high  pressure 
but  1  won't  say  that  it's  because  it's  a  constant  pressure,  it's  a  changing  pressure. 

Dll .  VON  GIERKE  (USA) 

Thank  you  very  much . 

UNIDENTIFIED QUESTIONER 

Please  discuss  the  analysis  of  the  pressure  curve  on  the  eontreeoup  side  of  the  brain  where  you  had  a  decrease 
in  pressure  and  a  plateau  effect  within  a  large  positive  spike.  What  do  you  suppose  causes  the  spike? 

AUTHOR'S  REPLY 

Well,  its  been  a  mystery  and  now  we  have  seen  the  same  thing  happen  in  the  University  of  Michigan  Highway 
Safety  Research  Institute  monkey  data.  I  thought  it  might  be  some  kind  of  artifact .  but  now  we've  also  seen  it  in 
the  monkey  data  and  it  seems  to  me  that  the  tissue  fails.  It  occurs  around  one  atmosphere  negative  pressure.  It 
may  be  cavitating,  it  may  just  be  separating,  it  may  be  gases  expanding,  but  then  it  ends  when  the  load  is  off, 
and  then  fails. 

UNIDENTIFIED  QUESTIONER 

Non  transcribable  sentence;  however,  question  is  asked  about  rebound. 

AUTHOR'S  REPLY 

In  the  model,  of  course,  it  doesn't  have  a  failure  meehanism  and  it  would  rebound  before  that  failure.  I'm 
sorry  I  don't  have  something  to  draw  on,  but  the  model  would  respond  faster.  The  only  way  I  can  make  the 
model  respond  that  slowly  is  if  I  let  it  fail,  let  part  of  the  model  release  as  a  failure;  I  could  then  permit  it  to 
be  a  failure  mode.  In  the  human  data,  we've  seen  subchoroidal  hemorrhage  in  all  of  those  eases  that  demonstrated 
that  failure  mechanism. 

UNIDENTIFIED  QUESTIONER 

You  have  some  problems  with  vibrations  in  your  accelerometers.  I  seem  to  recall  that  there  was  discussion 
in  the  literature  that  the  nine  accelerometers  scheme  might  also  be  unstable.  I  haven’t  the  faintest  idea  as  to 
what  extent  these  drift  phenomenon  are  applicable  to  ••-.  jr  tests.  Could  you  comment  on  thnt  please? 

AUTHOR'S  REPLY 

To  my  knowledge  it's  the  six  accelerometer  scheme  thnt  could  be  unstable  and  the  nine  arc  stable.  When 
you  mount  these  aeccleromotcrs  very  close  together,  and  substraet  one  from  the  other,  you  could  be  rending 
"noise"  in  the  system,  lfynu  could  mount  the  accelerometers  far  apart,  having  three  here,  and  three  there,  like 
the  University  of  Michigan  does,  you  eliminate  that  problem.  1  hnve  never  had  that  problem  in  using  the  University 
of  Michigan  data.  The  problem  occurs  when  you  mount  them  close  together  on  a  mechanism  and  then  mount  the 
mechanism  at  one  point  in  the  skull  so  that  the  mechanism  eon  rotate  and  then  you  arc  just  getting  a  lot  of  errors. 

So  the  best  thing  we  could  do  because  we  were  forced  to  under  contract  was  to  tic  it  down  and  wrap  it  with  acrylic. 
In  summary,  I  don't  think  that  the  system  was  unstable. 
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ABSTRACT: 


Eleven  dynamic  fronto-occipital  impact  tests  on  helmet-protected  cadavers  were  conducted  with  a  de¬ 
celeration  trolley  to  which  a  quasi-rigid  wall  was  installed.  Effective  head  impact  velocity  lay  between 
32  and  45  km/h.  The  maximum  deceleration  cf  the  head  was  on  average  136  g  in  x-direction  and  105  g  in 
z-direction.  The  deceleration  of  the  vertebral  column  reached  values  of  146  g  for  the  1st  thoracic 
vertebra  and  77  g  for  the  12th  thoracic  vertebra  (average  value  of  the  maxima) . 

Examination  of  the  vertebral  column  showed  6  cases  of  severe  compression  fractures  of  the  upper  and 
middle  thoracic  part;  signs  of  strain  and  flexion  could  be  detected  in  the  form  of  minor  injuries  in 
all  cases.  Discreet  skull  injuries  were  detected  in  only  two  cases.  Injury  to  the  brain  could  not  be 
found  but  cannot  be  excluded  in  view  of  the  test  object. 

Ail  the  full-faced  safety  helmets  used  were  of  the  same  type  and  manufacture.  The  polycarbonate  outer 
shell  did  not  break  in  any  of  the  tests.  The  polystyrol  inner  liner  showed  plastic  compressions  of  a 
maximum  of  30  %  of  the  thickness  of  the  damping  liner  at  contact  point. 


I NTRODUCT ION 

The  head  as  one  of  the  most  critically-exposed  parts  of  the  human  body  in  accidents, 
however  they  may  occur,  can  be  protected  by  a  safety-helmet.  In  order  to  reduce  impact 
severity  and  the  resulting  injuries  to  the  head  with  brain  and  to  the  spine  with  spinal 
cord  as  head  support  and  force  transducing  system,  the  helmet  must  be  adjusted  in 
accordance  with  techn  i  c-bi  omecha'n  i  ca  1  criteria. 

These  criteria  must  on  the  one  hand  take  account  of  the  probability  of  certain  types 
of  accident  (outer  construction  design  recommendations)  and,  on  the  other  hand,  the 
possible  injury  patterns  to  be  expected  (inner  construction  design  recommendation') 
in  order  to  reduce  the  injury  level. 

At  the  Institute  of  Forensic  Medicine  of  the  University  of  Heidelberg,  research  into 
this  question  has  been  commenced  on  the  basis  of  analysis  of  traffic  accidents  invol¬ 
ving  two-wheeled  vehicles.  After  studying  more  than  350  accidents  and  closely  analysing 
helmet  damage  and  injury  patterns  related  to  the  "accident  input",  we  planned  to  carry 
out  biomechanical  tests  with  PMTOs  (Post  Mortem  Test  Object)  on  the  Institute's  own 
Impact  Test  Facility. 

The  opportunity  of  carrying  out  this  work  showed  that  the  assumption  is  correct  that 
the  interaction  of  the  helmet-head-vertebral  column  system  cannot  in  fact  be  easily 
deduced  from  analysis  of  traffic  accidents  involving  motorcyclists.  There  are  diffi¬ 
culties  in  quantifying  the  mechanical  accident  interferences  with  sufficient  precision, 
e.g.  the  acting  forces,  the  occurring  deceleration  and  the  reconstruction  of  effective 
directions.  Statistical  investigations  of  accidents  involving  two-wheel  vehicles  carried 
out  so  far  have  rarely  given  a  systematic  analysis  of  the  effects  of  the  accident  on  the 
helmet  (FELD KAM P  et  al.  1977  ,  LANGWIEDER,  1977  ,  HURT  et  al.  1981,  SCHUELER  et  al.  1982  , 
OTTE  and  SUREN,  1979). 

Biomechanical  investigations  under  standardized  conditions  are  therefore  necessary  in 
order  to  determine  the  effect  of  different  helmet  design  parameters  on  the  risk  of 
injury  and  also  to  develop  injury  criteria  for  helmet  standards. 

It  is  quite  evident  that  safety  helmet  standards  and  test  regulations  have  so  far  only 
rarely  been  based  on  injury  patterns  and  biomechanical  tolerance  limits. 

So  the  ultimate  aim  of  the  HD  Project  -  to  extend  over  a  period  of  three  years  until  the 
end  of  83  -  can  be  defined  by  the  following  three  points: 

1.  the  description  of  injury  mechanisms  on  helmet-protected  men, 

2.  the  development  of  adequate,  adapted  safety  helmet  structures 
in  both  design  and  material, 

3.  cooperation  on  the  development  of  safety  helmet  standards, 
base  data  and  test  regulations. 
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Point  1  implies  the  construction  of  adequate  safety  helmet  impact  test  dummies. 

Previous  experimental  investigations,  using  either  cadaver  heads  protected  by  a  helmet 
or  complete  corpses,  have  generally  been  in  the  form  of  impact  or  drop  tests  and  have 
tended  either  to  neglect  the  reactions  to  the  vertebral  column  or  have  solely  con¬ 
centrated  on  the  vertebral  column.  In  the  course  of  these  experiments  the  reaction  of 
the  helmet  itself  has  not  been  the  subject  of  detailed  analysis.  ALDMAN  (1976)  examined 
the  influence  of  various  helmet-shell  materials  on  isolated  dummy  heads  with  respect 
to  the  kinematics  of  the  head,  in  particular  angular  acceleration. 

There  is  a  lack  of  experimental  investigations  which  closely  correspond  to  the  real 
situations  and  use  post  mortal  test  objects'  in  which  the  helmet,  head  and  vertebral 
column  have  been  subject  to  intensive  technical  and  medical  examination  under  defined 
loading  impact  conditions. 

As  a  first  configuration  of  the  test  series  we  chose  a  f ronto-occi pi ta 1  impact  situation 
which  had  been  frequently  found  in  real  accident  situations. 

EXPERIMENTAL  SET  UP 

The  PMTOs  or  dummies  were  placed  on  the  deceleration  trolley  by  means  of  an  appropriate 
support  device. 

A  polystyrole  support  bloc  was  made  to  maintain  the  PMTO  in  position  while  a  support 
for  the  back,  pelvis  and  the  feet  was  used  to  hold  the  PMTO  during  the  acceleration 
phase  of  approximately  1,5  g  (fig.  1). 


Following  deceleration  of  the  trolley  by  means  of  a  braking  metal  sheet,  the  PMTO  slid 
and  then  hit  against  a  quasi-rigid  wall.  The  acceleration  necessary  for  the  desired 
impact-and  trol 1 ey-vel oc i ty  was  attained  by  hauling  up  a  dropping  weight  of  13  tonnes 
which  was  connected  to  the  trolley  and  then  fixed  at  the  appropriate  distance  when 
testing  preparations  had  been  completea  (KALI. IERIS,  1974  ). 

The  impact  wall  -  0,8  m  wide,  0,9  m  high  -  was  fixed  to  the  trolley.  The  material  used 
was  a  30  mm  multiplex  panel,  reinforced  on  the  side  of  impact  by  a  2,5  mm  aluminium 
sheet  and  screwed  unto  a  frame  of  30  x  50  mm  square  bar  steel.  In  the  initial  testing 
position  the  distance  between  the  head  and  the  impact  wall  was  about  1,2  m. 

A  mosaic  screen  of  1  x  1,5  m,  fixed  unto  the  trolley,  was  used  to  facilitate  the 
assessment  of  the  high-speed  films. 

The  transmitter  was  placed  as  close  to  the  test  object  as  possible.  Its  inout  was 
provided  by  the  transducers ' cabl es ;  its  output  by  a  trailing  cable  leading  to  the 
permanent  control  room. 

Full-faced  safety  helmets  of  the  same  model  and  manufacturer  were  used  in  all  tests. 
The  material  of  the  helmets  used  corresponded  in  construction  and  technology  to  the 
latest  technical  (although  not  biomechanical)  developments.  The  outer  shell  was  of 
polycarbonate,  the  damping  liner  of  polystyrole.  It  was  found  that  it  was  typical 
for  the  manufacture  of  the  helmets  that  the  foaming  density  of  tile  damping  liner, 
determined  following  the  impact  test,  was  different  in  the  various  test-runs  although 
the  helmets  were  in  fact  fresh  from  the  factory.  The  specific  density  was  between 
about  25  and  50  mg/ccm. 
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TCST  OBJECTS 

Fresh,  not  embalmed  or  otherwise  preserved  human  cadavers  were  used  as  PMTOs.  The 
post  mortal  period  was  between  19  and  105  hours  with  an  average  of  62  hours.  The  stages 
of  rigor  mortis  accordingly  varied  from  an  advanced  stage  to  starting  decline. 

PMTOs  in  an  advanced  stage  of  rigor  mortis  had  to  be  adjusted  into  the  necessary 
position  by  gentle  bending  of  the  extremities. 

There  were  no  signs  of  decomposition  in  the  sense  of  macroscopical ly  visible  putre¬ 
faction  of  tissue,  especially  in  the  region  of  the  head,  vertebral  column  and  thorax, 
areas  of  special  interest. 

In  the  11  dynamic  tests  performed  so  far  the  age  ranges  reached  from  15-41  years,  with 
an  average  of  29  years. 

Since  the  population  bracket  prone  to  motorcycle  accidents  generally  tends  to  be 
younger  (18-20  years  old),  the  PMTOs  used  in  these  tests  correspond  more  closely  to  the 
real  situation  than  those  used  in  other  similar  experiments. 

Before  experimental  trauma,  the  PMTOs  had  to  be  free  of  injury.  This  was  diagnosed  by 
examination,  palpation,  x-raying  of  the  head  (3-planes),  the  spinal  column  (2-planes) 
and  the  thorax.  Careful  consideration  was  also  taken  of  case  history. 


INSTRUMENTATION 

The  topographical  position  of  the  mounted  accelerometers  and  pressure  transducers  is 
illustrated  in  fig.  2.  The  transducer- mounts,  constructed  for  this  test  purpose,  were 
fixed  unto  the  skull  bone  after  thread  cutting  following  a  slit-shaped  incision  and 
preparation  of  the  scalp.  The  processus  spinosus  of  the  12  th  thoracic  vertebra  was 
used  to  fix  the  accelerometer  base  with  a  5  cm  bone  screw.  The  accelerometer  of  the 
1st  vertebra,  however,  was  mounted  on  a  disk  fixed  by  two  screws  in  the  vertebral 
joints  of  the  1st  thoracic  vertebral  body. 

So  far  no  simulation  of  blood  pressure  by  means  of  a  catheter  into  the  cervical 
arteries  and  puncturing  of  the  side  ventricles  has  been  performed. 


Fig.  2 

Position  of  the  ACCELEROMETERS  AND  PRESSURE  TRANSDUCERS  on  head  and  helmet. 

1.  z-direction:  central  parietal  bone 

1. a)  Pressure  transducer  in  the  parietal  epidural  space,  level  with  the 

tabula  interna. 

2.  x-direction:  immediately  above  the  inion  ( protu beranti a  occipitalis  externa) 

2.  a)  Pressure  transducer  central  occipital  bone 

3.  x-direction:  1st  thoracic  vertebra  (T  1) 

4.  x-direction :  12th  thoracic  vertebra  (T  12) 

5.  z-direction:  top  of  the  helmet 

6.  x-direction:  posterior  margin  of  helmet 

7.  x-direction:  both  lateral  sides  of  helmet 
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DUMMY 

A  TNO  10-type  dummy  was  used  for  preliminary  tests  to  check  the  experimental  set-up 
and  testing  techniques  and  to  carry  out  specific  helmet  examinations.  Although  this 
dummy  was  specifically  designed  for  safety-belt  testing,  it  proved  suprisingly  useful 
in  these  tests.  A  dummy  of  the  whole  body  to  meet  the  specific  requirements  of  simu¬ 
lating  motorcycle  accidents  and  head-impacts  has  not  yet  been  designed. 

Another  motorcycle  dummy  at  present  in  use  is  a  combination  of  elements  from  Hybrid  II 
and  Hybrid  III  and  does  not  provide  a  satisfactory  solution.  The  effectiveness  of 
existing  dummies  must  be  re-examined  so  that  they  can  be  designed  and  adjusted  in 
accordance  with  the  requirements  found  in  the  cadaver  tests. 

TESTING  TECHNIQUE 

The  transmission  of  test  data  from  the  moving  test  object  via  the  moving  test  trolley 
to  the  permanent  control  room  is  conducted  by  an  I R I G  standard  telemetry  plant. 

Piezoresistive  accelerometers  (ENDEVCO)  -  types  2264/2000  or  7264/2000  -  are  fixed  to 
the  test  object,  the  helmet,  the  impact  point  to  the  rear  of  the  impact  wall  and  the 
trolley.  Along  with  the  603  B  Kistler  quartz  crystal  pressure  transducer  -  or,  alter¬ 
natively,  the  ENDEVCO  pressure  transducer  type  8510-100,  they  are  first  connected  to 
the  telemetry  transmitter  or  a  corresponding  charge  amplifier.  Since  the  test  object 
is  in  considerable  motion  before  reaching  its  impact  position  an  individual  cable 
pulley  had  to  be  installed.  From  this  point  onwards,  the  amplified  and  frequency-coded 
signals  of  the  accelerometers  and  pressure  transducers,  in  the  form  of  a  frequency- 
multiplex  signal,  are  connected  to  an  analogue  tape-computer. 

In  order  to  evaluate  acceleration-time-history ,  the  multiplex  signal,  stored  on 
magnetic  tape  after  demodulation,  is  printed  by  a  UV  printer  or  displayed  and  photo¬ 
graphed  by  a  memory-display  oscillograph.  When  a  sufficient  number  of  these  tests  has 
been  conducted,  the  digitalisation  of  this  test  data  is  to  be  carried  out  in  October 
1982.  Following  this,  it  will  be  possible  to  adequately  assess  and  evaluate  the  head- 
impact  data. 

Veloci ty  measurement 

The  velocity  of  the  test  trolley  is  measured  by  a  reflection-light-barrier-trigger¬ 
counting  mechanism  immediately  before  deceleration  in  the  phase  between  acceleration 
and  deceleration. 

As  this  velocity  does  not  precisely  correspond  to  the  actual  impact  velocity  of  the 
test  object  on  the  impact  wall  -  it  is  in  fact  too  low  (rebound  of  the  trolley!)  -  the 
slipping  velocity  of  the  test  object  immediately  before  impact  is  also  measured.  This 
is  carried  out  as  follows:  another  light  barrier  is  interrupted.  The  so-called  impact 
switch  is  short-circuited  at  the  moment  of  impact.  This  impact  switch  consists  of  2 
parallel  e 1 ec tr i ca 1 ly- i sol  a  ted  aluminium  foils  which  come  into  contact  at  the  moment 
of  impact. 

MEDICAL  EVALUATIONS 

x-ray-exami na  t i ons 

After  the  test,  every  PMT0  is  x-rayed  in  the  same  way  as  in  the  pre-test  examination, 
i.e.  the  head  in  3  planes;  the  spinal  column  in  3  parts:  cerebral,  thoracic  and  lumbar 
part  in  2  planes.  When  the  head  and  brain  venous  system  has  been  filled  with  contrast- 
medium  by  catheterisation  of  the  venae  jugulares  internae,  another  x-ray  examination 
of  the  head  is  performed  in  3  planes  (BARZ,  MATTERN,  1975). 

This  diagnostical  procedure  provides  evidence  for  venal  lacerations  in  the  region  of  the 
great  dural  veins  and  in  particulai  the  representation  of  ruptures  of  bridging  veins. 
Lacerations  of  the  great  intracranial  veins  could  also  be  diagnosed  with  pa tho-ana tomi ca 1 
methods.  It  was  however  to  be  considered  that  even  using  careful  preparatory  methods 
there  might  be  artefacts  in  the  removal  process  of  the  circular-sawed  calotte.  These 
artefacts  might  not  be  distinguishable  afterwards  from  traumatic  lacerations  of  the 
PMT0.  If  the  lesions  had  resulted  from  the  dynamic  load  of  the  head  even  before 
preparation,  they  may  be  distinguished  by  applying  venous  contrast  media  -  in  this  case 
the  contrast  media  spills  out  of  the  lacerated  vessel  and  forms  an  unusual  opacity 
showing  the  laceration  in  the  x-ray.  Similarly  arterial  lacerations  may  be  ascertained 
by  filling  the  internal  cerebral  arteries  with  a  contrast  media. 

Au  topsy 

After  the  x-ray  examination,  a  forensic  pathological  autopsy  is  performed  with  special 
attention  to  the  traumatological  findings.  Part  of  this  autopsy  technique  involves  not 
only  the  opening  of  three  body  cavities  of  head,  thorax  and  abdominal  cavity  but  also 
an  extensive  preparation  of  the  skeleton  system  by  opening  the  body  from  back  and  front 
and  preparation  of  the  subcutaneous  fatty  tissue  and  the  muscular  system. 

Special  attention  is  paid  to  the  examination  of  the  spinal  column.  According  to  a  special 
technique  (MATTERN, 1977,  1980),  the  entire  spinal  column  including  the  occiput  is 
removed,  the  muscles  are  then  removed  in  layers  until  a  bone-ligament-specimen  remains 
and f f ol 1 owi ng  deep  f reezi ng^sawed  in  3  sa g i tta 1  -  pa ra 1 1 e 1  planes  (fig.  5). 
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This  makes  it  possible  not  only  to  observe  all  laceration  of  muscles  in  their  segmental 
allocation  but  also  to  detect  ruptures  or  strains  of  the  ligamentous  apparatus, 
bleedings  and  splicing  of  the  intervertebral  disks,  subluxations,  luxations,  bleedings 
of  the  vertebral  joints,  contusion  or  bleeding  of  the  spinal  medulla  and  the  spinal 
canal  and  fractures  of  vertebral  bodies,  processus  and  vertebral  arches,  even  if  barely 
visible. 

Thus  a  complete  recording  of  the  injuries  is  possible  which  is  not  achieved  by  any 
other  method,  and  in  particular  not  by  traditional  x-ray  techniques .  More  slight  fractures 
important  for  the  evaluation  and  understanding  of  the  kinematic  and  injury  mechanism, 
may  sometimes  only  be  verified  in  the  x-ray  if  the  slim  sagittal -parallel  cuts  of  the 
vertebral  column,  already  described,  are  subject  to  further  x-ray  methods  (fig.  5  c). 

The  examination  of  the  brain  starts  with  the  inspection  of  the  unfixed  fresh  specimen. 

It  is  then  fixed  in  formalin  to  be  cut  into  f ronta 1 -pa ra 1 1  el  slices  and  re-examined. 

The  histological  examinations  refer  to  the  more  strained  areas,  which  are  known  from 
the  recent  experience  in  brain  traumatology. 

Sea  ling  of  findings 

Evaluation  of  the  diagnosed  injuries  follows  the  A1S  80  and  is  based  exclusively  on 
patho-anatomical  and  x-ray  findings.  The  assessment  of  multiple  injuries  follows  the 
MAI  S . 

In  the  evaluation  of  findings  of  the  spinal  column,  which  is  more  complex  than  what  is 
quoted  in  the  dictionary  of  the  1980  Revision  of  the  AIS,  a  grading  was  developed  and 
used  following  the  basic  system  of  the  AlS-evaluation  (MATTERN,  1980). 
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TEST  No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

AVERAGE 

36 

38 

36 

37 

38 

38 

im 

31 

33 

34 

34 

19 

16 

19 

18 

- 

17 

1 7 

(-g) 

H 

■Ml 

90/94 

111/107 

j  ■ 

_ 

127/94 

123/73 

106/84 

114/77 

134/81 

- 

(♦/-g) 

HU 

(43) 

(45) 

(43) 

44 

45 

43 

44 

32 

34 

38 

38 

- 

HEAD  (-/-HJ)  x-direc. 

143/44 

122/76 

- 

127/46 

119/23 

- 

155/46 

141/50 

145/26 

_ 

134/24 

136 

deceleration  z-direc. 

* 

106/35 

* 

117/41 

116/15 

- 

- 

97/35 

86/20 

104/23 

106/36 

105 

Deceleration  T  1,  z 

on  VERTEBRAL- 

| 

140/112 

126/79 

121/79 

|| 

152/80 

117/99 

n 

186/135 

181/169 

146 

BODIES  {-/■«,)  T12,  Z 

82/86 

65/35 

67/32 

91/55 

57/44 

103/34 

72/41 

77 

Deceleration* 

Maximal  value*  of  the 

HELMET  deceleration 

on  HELMET 

between  550  and  700  g 

Size  Of  HELMET 

S,  55/56 

XS.S3/S4 

XS, 53/54 

S, 55/56 

L, 59/60 

S, 55/56 

S, 55/56 

S, 55/56 

S.SS/it 

L, 59/oO 

S, 55/56 

* 

Density  of  DAMPING-LINER 
(mg/ccra) 

27 

51 

50 

50 

27 

28 

28 

29 

28 

29 

Plastic  Compression  of 
DAMPING-LINER  (min)  /  % 

5/19,3 

7/26,9 

8,7/30 

8,5/29,3 

7 ,5/25*  9 

7,4/25,5 

7,4/25,5 

68/23.5 

- 
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Measurement  Data 


3  a)  head  in  x-direction 


3  b)  head  in  z-dirrction 


Fig,  3 

Typical  acceieration-time-history  (Test  l,o.  11) 


TEST  No. 


10 


11 


PMTO  dates 

Age/sex  (years/m, f) 
weight/length  (kg/cm) 

24 /m 
81/170 

15/m 

46/170 

33/m 

59/174 

25/m 

67/178 

25/f 

75/178 

27/m 

65/178 

41/m 

75/172 

37/m 

67/170 

28/m 

55/170 

MAIS 

3 

2 

3 

3 

4 

5 

5 

5 

3 

5 

Regional  AIS 

_ ZD 

EXTERNAL 

1 

1 

2 

1 

1 

1 

1 

1 

0 

.IEAD 

3 

0 

3 

0 

0 

m 

M 

0 

0 

0 

0 

visceral  cranium 

2 

3 

3 

■  ■ 

■  ■ 

^m 

amm 

brain 

_ 

4 

_ 

1 

NECK 

0 

0 

0 

0 

ES 

0 

0 

0 

mm 

0 

mm 

THORAX 

0 

0 

0 

o 

Si 

4 

4 

1 

55 

4 

a 

AIS/Amount  of  fractures 

4/17 

4/27 

1/2 

° 

4/13 

■  ■ 

HHH 

■ 

■Hi 

Abdomen 

0 

0 

0 

o 

wtm 

0 

0 

0 

0 

0 

0 

SPINAL  COLUMN 
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1 

3 

3 

4 

5 

5 

5 

3 

5 

5 

3 

3 

4 

3 

3 

3 

3 

3 

3 

1 

1 
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2 

3 

3 

n 

3 

3 

3 

3 

spinal  cord 

4 

5 

mm 

5 

5 

5 

EXTREMITIES 

0 

0 

0 

0 

0 

0 

’ 

0 

0 

0 

0 
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MEDICAL  FINOINGS 

In  the  11  dynamic  impact  tests  the  frequencies  of  the  injury  levels  according  to  MAIS 
and  regional  AIS  were  as  follows: 


MAIS 

Reg i ona 1 

AIS 

Injury-level 

Head 

Thorax 

Spine 

External 

0 

0 

7 

6 

0 

1 

~  -  — - - —  —  — 

—  —  — 

—  — —  —  —  — 

—  _  __  _  __  _  _ 

1 

2 

0 

1 

2 

9 

2 

0 

1 

1 

0 

1 

3 

3 

2 

1 

3 

0 

—  —  — -  —  —  «-  —  —  —  - 

-  —  —  — — 

-  —  —  -  — ■  —  • 

-  —  —  —  —  — 

—  a.  _  __  _  __  _ 

4 

1 

1 

2 

1 

0 

5 

5 

0 

0 

5 

0 

?  0 

11 

4 

5 

11 

10 

>  3 

L_l_ 

1 

2 

6 

0 

Tab.  3 

Frequencies  of  the  injury  levels  1-5  according  to  MAIS  and 
Regional  AIS. 


The  list  of  the  individual  injuries  assessed  according  to  AIS  can  be  found  in  tab.  3. 

No  PMTO  remained  unscathed.  In  six  cases  the  degree  of  injury  had  reached  the  level  of 
fatal  injury  ( A I S  >  3 ) .  With  one  exception  the  sole  or  partial  reason  fur  the  overall 
injury  level  was  traumatisation  of  the  spine. 

Oehiscences  of  the  dorsum  of  the  nose  and  the  middle  of  the  forehead  provided  recurrent 
findingsof  head  i n j ury .  In  three  cases  these  were  combined  with  fractures  of  the  nasal 
bone  (open  nasal  bone  fracture  *  AIS  2). 

When  the  side  oc  the  he’ir.et  was  adjusted  at  the  upper  visor,  these  injuries  could  be 
reduced  and  finally  completely  eradicated  in  test  11. 

Fractures  of  the  neurscranium  were  found  in  two  cases  only:  in  both  cases  these  were 
merely  discreet,  rn.nor  fractures  of  the  fossa  crani'  anterior,  less  than  1  mm  thick  in 
the  areas  of  the  affected  structures,  (V  1:  planum  ethmoidale;  V  3:  planum  sphenoideum) . 

In  tilt  AIS  scaling  of  injuries  these  injuries  as  fractures  cf  the  skull  base  are  in  fact 
to  be  attributed  grade  AIS  3  since  such  fractures  are  qualified  as  serious  damage  to 
health  due  to  the  direct  danger  of  the  formation  of  a  fluid  fistula  or  ascending 
infection. 

It  should  nevertheless  be  pointed  out  that  these  fractures  are  rarely  detectable  by 
clinical  x-ray.  Despite  knowledge  of  the  injuries,  in  the  x-rays  of  the  PMTOs  the 
fractures  could  not  be  detected  in  the  main  axes  in  a  second  examination  following  the 
autopsy. 


The  absence  of  pat ho-anatomi cal  1 y  detectable  cerebral  lesions  on  the  PMTO  in  these 
dynamic  tests  was  surprising.  Precisely  in  the  case  of  PMTOs, however,  thi  s  must  be  inter¬ 
preted  with  some  caution:  in  view  of  the  amplitude  and  duration  of  the  decelerations 
measured  on  tne  head,  it  can  by  no  means  be  ruled  out  that  considerable  malfunctioning 
of  the  central  nervous  system  -  at  least  concussion,  probably  combined  with  contusion, 
intracerebral  bleeding  and  cerebral  oedema  -  would  also  have  been  observed  at  the  same 
loading  level  in  the  case  of  a  living  being.  Since  these  conditions  are  linked  to 
circulation  and  the  metabolism,  it  is  difficult  to  simulate  them  on  a  PMTO  (NAHUM  1976, 
FAYON,  1976,  WARD  1980). 

Rupture  of  the  right  anterior  bridging  vein  (vena  cerebri  anterior  superior),  along 
with  longitudinal  ruptures  of  the  anterior  falx  cerebri,  was  ascertained  in  one  case 
only  (V  7 ) . 

Spinal  i n juri  es ,  indicative  of  the  overall  degree  of  injury,  appeared  in  the  form  of 
usual Ty*  extreme  comminuted  fractures  of  the  vertebra  with  compression  of  the  spinal 
cord  in  the  upper  and  central  thoracic  part  of  the  spine. 

Fig.  a  gives  an  outline  of  the  localisation  of  segmental  injuries  in  the  essential 
injury  findings.  Tab.  4  gives  an  analysis  of  the  frequencies  of  mu  1 1 i segmen ta  1  injuries 
affected  in  each  case.  In  connection  with  this  table  it  should  be  emphasised  that  the 
bony  injuries  and  the  lesions  of  the  ligamentous  apparatus  usually  affected  more  than 
one  segment,  e.g.  in  two  cases  (V  8,  V  9)  injury  to  the  ligaments  occurred  in  10  seg¬ 
ments.  in  one  case  (V  7)  the  spinal  medulla  was  compressed  over  5  thoracic  segments. 
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Injured  structure 

Amount  of  injured  segments 

0123456789  10 

Ligaments 

1 

2 

2 

1 

1 

1 

1 

2 

Disks 

2 

1 

2 

3 

1 

1 

1 

Vertebral  bodies 

2 

4 

3 

? 

Vertebral  processus 

2 

1 

2 

3 

2 

1 

Spinal  cord 

5 

3 

1 

1 

1 

Destabi 1 isation 

4 

4 

2 

1 

_ 

Tabl,  4 

Analysis  of  the  injury  pattern:  Frequency  of  multi  segmental  spine  injuries 

Six  cases  showed  uni-  or  mul t i segmen ta 1  destabilisations  and  dislocations  along  with  a 
number  of  spinal  fractures.  Most  of  these  fractures  of  the  thoracic  vertebral  column 
were  in  the  form  of  extensive  compression  fractures  with  edge  snapping  towards  the 
spinal  channel,  combined  with  serious  damage  to  the  neighbouring  i ntravertebral  disks 
and  fractures  of  the  accessory  archs  and  joints.  Fig.  5  shows  a  typical  example  of  this 
combination  of  extensive  injury  to  the  central  area  of  the  thoracic  spinal  column. 

Compared  to  the  thoracic  vertebral  column,  injuries  detected  in  the  cervical  spine  were 
of  secondary  importance.  No  morphological  lesion  of  the  cervical  medulla  could  be 
detected  and  there  were  no  signs  of  dislocation  or  destabilisation  of  the  intervertebral 
motor  segments. 

The  vertebra  fractures  detected  -  e.g.  segment  C  1  in  V  5  -  were  i  r:  the  form  of  a  non- 
dislocated  fracture  of  the  anterior  arch  of  the  atlas.  Fractures  to  vertebra  C  4-C  7 
were  in  the  form  of  minor  fractures  of  the  lower  edges  of  the  vertebral  body.  The  width 
of  the  vertebral  body  was  not  compressed  and  there  were  no  further  fractures  of  verte¬ 
bral  processes. 

Injuries  to  the  vertebral  disks  and  ligamentous  apparatus  were  roughly  as  frequent  as 
those  in  the  thoracic  spinal  column.  However  these  various  findings  were  generally  not 
particularly  extensive.  Examples  found  were  minor  bleeding  and  cracking  but  there  was 
no  total  collapse  of  the  vertebral'  disks.  Oneexception  was  the  anterior  longitudinal 
ligament,  broken  in  4  cases,  mostly  in  several  neck  segments. 

Injuries  to  the  thoracic  skeleton  had  occured  in  five  cases.  Three  of  these  were 
multiple  rib  fractures  which  had  led  to  a  destabilisation  of  the  thorax  (AIS  4).  With 
27  rib  fractures,  V  7  showed  the  most  extensive  thorax  traumatisation.  R'D  fractures, 
when  they  occurred,  were  always  paravertebral,  in  close  vicinity  to  the  vertebral 
segments,  also  seriously  damaged.  In  addition  however  there  were  further  fractures  of 
the  same  and  other  ribs  in  the  axillary  line.  The  paravertebral  fractures  frequently 
took  the  form  of  torsion  fractures. 

It  is  to  be  assumed  that  the  high  number  of  rib  fractures  in  V  7  was  due  to  the  age  of 
this  particular  PMTO.  At  41  it  was  the  oldest  of  all  the  PMTOs  tested.  This  case  also 
showedthe  highest  n  imber  of  vertebral  fractures:  4.  No  injury  to  the  organs  in  the 
thoracic  area  could  be  detected  in  any  test  case. 

PATHOMECHANICS  of  the  spine  injuries 

It  can  be  concluded  from  the  intersegmental  combination  of  injuries  to  the  affected 
anatomic  spinal  structures  that  the  cervical  spine  was  subjected  to  a  retroflective 
load  and  the  thoracic  vertebral  column  to  a  high  hyperf 1 ect i ve  load  in  the  sense  of 
hy perkyphos i s . 

We  can  draw  this  conclusion,  confirmed  by  kinematic  analysis  of  the  high-speed 
k  i  nem.a  tography ,  on  the  basis  of  the  fact  that  on  the  cervical  spine  the  structures 
lying  in  a  ventral  position  to  the  flexion  axis  failed  by  fracture  as  a  result  of 
s tress  - 1  nad i ng .  On  the  other  hand,  on  the  thoracic  spinal  column  the  dorsal  ligamentous 
structures  showed  signs  of  stress-loading  and  the  ventral  bony  structures  showed  signs 
of  pressure- 1 oadi ng . 

The  localisation  of  the  most  serious  injuries  is  given  by  the  doubl e-S- shape  of  the 
spine.  The  distribution  of  lesserinjuries  on  the  cervical  spine  and  by  far  the  most 
serious  injuries  or.  the  thoracic  vertebra!  column,  must  be  explained  by  the  geometrical 
position  of  the  main  axes  of  impact  vis-i-vis  the  vertices  of  the  physiological 
curvatures.  When  the  PMTO  is  in  starting  position  in  the  stretched  position  of  the  neck, 
this  direction  of  impact  varies  only  slightly  f rom  the  z-axis  of  the  cervical  spine. 

On  the  thoracic  vertebral  column,  however,  a  by  far  greater  bending  impact  point  is 
established  due  to  the  unequal  distance  between  the  impact  axis  and  the  vertex  of  the 
spinal  column.  This  leads  to  an  asymmetrical  loading  of  the  vertebral  body  which  means 
tha*  it  is  r.ot  hit  in  the  direction  of  maximum  load  capacity. 


Fig.  5 

TYPICAL  SPINF  INJURY  PATTERN,  prepared  according  to  the  saw-cutting  technique. 
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a)  View  of  the  central  cut  and  both  lateral  cuts, 
injuries  concentrated  on  2nd  thoracic  segment. 


c)  Contact  x  -  r  ?  y  of  the  left 
central  cut  (see  b). 


b)  Detail  of  left  central  cut:  serious  comminuted 
fractures  of  the  2nd  thoracic  vertebral  body. 
Fracture  of  the  lower  edge  of  the  3rd  thoracic 
vertebral  body.  Fracture  of  the  upper  surface 
of  the  4th  thoracic  vertebral  body.  Excessive 
compression  of  the  spinal  cord.  (3  segments) 
Dislocation  of  fractured  pieces  of  the  bone 
in  the  vertebral  channel. 


If  we  compare  the  decelerations  measured  on  the  spine  and  the  head  in  z-direction,  we 
can  see  that  no  appreciaole  contribution  has  been  made  towards  energy  reduction  by  the 
cervical  spine  interposed  between  the  testing  points,  head  and  1st  thoracic  vertebra. 

The  thoracic  spinal  column,  on  the  other  hand,  reduces  the  middle  level  of  decelerations 
measured  at  T  1  up  to  test  point  T  12  by  approximately  a  half. 

With  regard  to  the  anatomical  structures ,thi s  damping  ability  of  the  spine  in  the 
physiological  area  is  essentially  due  to  two  factors;  the  material  damping  of  the 
vertebral  disks  and  the  shape  -  adjusting  damping  of  hyperkyphosis,  affected  in 
addition  by  the  bony  thorax. 

In  these  injury-inducing  loading  tests  the  vertebra  and  ribs  also  contribute  towards 
material  damping  when  the  bony  structures  fail  by  fracture. 


For  anatomical  reasons  -  the  horizontal  arrangement  of  the  side  joints  -  the  damping 
of  the  vertebral  disks  in  the  cervical  spine  is  almost  without  effect  since  the  side 
joints  come  to  rest  very  quickly,  passing  on  the  impact  force  via  bony  structures  with 

1  f  fl " "  T  f1  'I  f.  ?  •  ‘  f  •  1  nrt  1  a  .1  a  1  in  t  ho  cni  n»  1  r  rt  1  limn  a  f  f  ho  r*  a  r  lr  u>  c  nhwi  nut  1 

■  w*»»  VWMI^M  ».  J  J  .  »  v  . . .  ■  ww  «.«*•••  -j  •••  -  r  •  •  •  —  •  vw  .  w  .  *  -  -  »  “  •  •  »  «  -  • 

too  low  to  permit  failure  of  these  bony  structures. 


When  we  concider  that  under  axial  compression  loading  of  isolated  cervical  vertebrae  the 
ultimate  fracture  loads  are  generally  less  than  those  found  in  the  thoracic  vertebral 
column,  the  apparently  reverse  observation  in  these  tests  can  only  be  explained  by  the 
loading  direction  which  coincides  with  the  direction  of  the  highest,  i.e.  axial, 
loading  capacity  on  the  cervical  spine  but  which  on  the  thoracic  vertebral  column  has 
primarily  a  bending  impact  due  to  the  considerable  distance  from  the  main  loading  axes. 
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DISCUSSION 

The  aim  of  this  study  was  to  simulate  traffic  accidents  close  to  reality.  In  this  first 
series  we  therefore  chose  an  effective  impact  speed  between  32  km/h  and  45  km/h  and  a 
fronto-occipital  impact  configuration.  However  in  our  accident  investigations  the  injury 
patterns  of  apparently  comparable  types  of  accident  were  in  fact  seldom  found.  To  ex¬ 
plain  this  finding,  it  seems  that  we  must  take  into  consideration  the  fact  that  the 
total  accident  input  energy  was  absorbed  by  one  single  impact  of  the  body  through  the 
helmet-protected  head.  A  distribution  of  the  accident  energy  is  rather  given  by  different 
accident  phases,  in  particular  by  considerable  throwing  ranges  of  the  motorcyclist.  On 
the  other  hand,  the  tests  were  conducted  in  such  a  way  that  as  a  result  of  the  body  be¬ 
ing  held  in  position  by  a  support  bloc,  force  induction  was  established.  This  was 
essentially  axial  and  passed  over  the  head  into  the  spine.  Of  particular  note  in  the 
injury  pattern  was  the  high  level  of  traumatisation  of  the  thoracic  vertebral  column. 

The  skull  and  the  upper  cervical  spine  hereby  remained  either  unscathed  or  with  little 
injury.  No  ring-fractures  on  the  base  of  the  skull  were  detected  although  it  can  be 
assumed  that  impact  intensity  was  sufficiently  high  to  have  produced  such  fractures. 

We  are  of  the  opinion  that  in  view  of  the  test  facts  given  there  are  two  possible 
explanations  for  the  absence  of  these  fractures: 

a)  impact  absorption  caused  by  dissipation  of  energy  by  the  helmet, 

b)  failure  of  the  thoracic  vertebral  column  and  the  ei.ergy  absorption 
caused  thereby. 

It  appears  necessary  to  carry  out  a  reference  test  with  P  TOSwithout  helmet  protection. 
This  has  so  far  not  been  possible.  As  a  result  of  this  Lest  we  expect  to  find  serious 
impression  fractures  and/or  skull-base  ring  fractures.  The  effect  of  these  injuries  on 
the  bony  part  of  the  head  also  damps  the  head  impact  input.  This  damping  effect  is 
equal  to,  or  even  greater  than  that  of  the  helmet.  Although  a  safety  helmet  is  able 
to  protect  skull  and  brain,  the  transduced  impact  input  by  the  helmet-protected  head 
seems  to  aggravate  the  injury  level  of  the  thoracic  spine.  This  is  a  theoretical  point 
for  discussion. 

The  given  impact  velocity  change  A  v  between  32  km/h  and  45  km/h  produced  maximum 
decelerations  on  the  head  in  x-direction  of  an  average  value  of  136  g  and  in  z-direction 
of  an  average  value  of  105  g.  As  the  amplifiers  of  the  helmet  accelerometers  run  into 
limitation  we  have  had  to  reconstruct  the  peak-values.  The  reconstructed  values  of 
the  outer  she’l  of  helmet  was  found  to  be  between  550  g  and  700  g. 

The  accelerometers  on  the  vertebral  column  for  the  first  thoracic  vertebra  T  1  gave 
peak-values  similar  to  those  measured  on  the  head  in  x-direction:  the  average  peak- 
value  was  146  g.  The  result  of  measuring  on  the  lower  spine  T  12  finally  gave  an  average 
peak  level  of  77  g.  The  interpretation  of  the  relationship  of  the  upper  and  lower  spine 
g-values  is  given  under  point  "PATHOMECHANICS1’ .  The  measurement  of  the  epidural  intra¬ 
cranial  brain-pressure  was  undertaken  with  different  pressure-transducers ,  but  so  far 
the  results  are  not  sure  enough  to  be  published.  Further  tests  are  required. 

Whereas  the  outer  polycarbonate  shell  showed  no  breakages  or  relevant  plastic  defor¬ 
mations  in  any  test  case,  the  inner  polystyrol  damping  liner  was  plastically  compressed 
at  the  region  of  impact  between  19,3  and  30,0  %  (average  of  liner  width:  26  mm)  and 
broke  at  this  point. 

The  whole  compression  on  the  damping  liner  (both  plastic  and  elastic  deformation)  was 
observed  at  a  level  of  between  50  and  60  %.  This  value  appears  to  be  too  low,  related 
to  the  effective  impact  velocity  and  the  acce 1  era t i on- 1 ime-h i s tory  of  head  acceleration. 
We  are  convinced  that  the  material  so  far  used  for  safety  helmet  liners  must  be  replaced 
by  a  damping  or  energy-absorbing  material  which  could  work  much  more  effectively,  when 
adjusted  to  the  technic-mechanical  properties  of  head  and  brain.  By  further  investigation 
of  injury  patterns  and  mechanisms  under  helmet  protection,  we  must  in  our  work  therefore 
draw  more  conclusions  concerning  not  only  the  outer  construction  design  recommendations 
(accident  "input")  but  also  the  inner  construction  design  recommendations  (technic- 
mechanical)  properties  of  the  head-brain  and  neck  system)  of  a  safety-helmet.  Furthermore 
we  want  to  verify  whether  the  Heidelberg  SAFETY  HELMET  PROTECTION  CRITERION 


H I C/ _SH )  -  HIC(+Sh) 


HIC(-sh) 

(wherebyHI C  { +/-SH )  means  the  Head  Injury  Criterion  number  with/without  safety-helmet)  is 
adequate  as  a  Diomechanical  neimet  eftectivity  value. 
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DR  GENNARELL1  (USA) 


DISCUSSION 


ICC  I 


Please  discuss  the  validity  of  the  biomeehanies  of  your  neek-torso  angulation  upon  impact .  Are  you  consider¬ 
ing  different  angulations  of  the  neck-torso  to  get  more  cervical  injuries  whieh  would  be  expeeted? 

AUTHOR'S  REPLY 

The  introduced  foree  is  mostly  parallel  to  the  axis  whereas  the  curvature  of  the  thoracic  spine  leads  to  bending 
forces  and  these  bending  forces  lead  to  the  failure  and/or  fractures  of  this  region. 

DR.  GENNARELL1  (USA) 

From  a  elinical  point  of  view  ,  fractures  in  the  middle  of  the  thoracic  spine  are  very  unusual  for  vertex  or 
forehead  impacts  compared  to  the  frequency  of  fractures  in  the  cervical  spine. 

AUTHOR'S  REPLY 

Do  you  relate  your  words  to  helmeted  heads?  I  feel  that  the  helmet  impact  is  even  less  likely  to  cuuse  injury 
in  the  thoracic  spine. 

UNIDENTIFIED  QUESTIONER 

In  our  studies  of  a  similar  nature.  1  can  only  think  of  two  reported  injuries  (fractures)  to  the  thoraeic  spine; 
on  the  whole  we're  not  seeing  injuries  of  that  type  so  low  down  the  spine. 

DR.  SANCES  (USA) 

Lt  appeared  in  your  high  speed  movie  that  the  body  was  allowed  to  follow-up  while  the  head  was  essentially 
pocketed  and  this  allowed  the  thorncie  column  to  buekle.  Could  this  account  for  your  injuries? 

AUTHOR'S  REPLY 

Yes.  In  our  opinion  the  buckling  of  the  thoracic  vertebral  column  seems  to  be  the  main  injury  mechanism  tor  the 
multi-segmental  fractures  of  the  vertebral  bodies. 

DR. SANCES  (USA) 

Do  you  think  the  hond  was  allowed  to  slide  off  beenuse  of  the  helmet .  and  so  that  would  reduce  the  pro  sure  on 
the  eervieal  spine? 

AUTHOR'S  REPLY 

Wo  hnve  to  say  that  the  helmet  wns  very  well  fitted  and  so  far  the  high  speed  movie  didn't  show  rclutive 
movement  of  helmet  to  hend. 

1)R.  VON  GIERKE  (USA)  COMMENT 

Hut  ecrtainly  n  slight  ehnnge  in  the  neck  curvature  would  change  the  results  considerably ,  and  it  looks  to 
me  that  n  live  subject  might  be  more  inclined  to  bend  the  head  and  try  to  look  forward;  thus,  you  would  have  u 
considerable  higher  load  on  the  eervieal  spine. 

FRISCH  (USA)  COMMENT 

I  noticed  that  you  hud  a  full  helmet  and  from  the  film  it  appeared  that  the  helmet  pushed  against  the  shoulder 
area.  Did  you,  in  fact,  exhibit  or  see  any  dumage  to  the  shoulder  area? 

At  THOR'S  REPLY 

No.  In  general,  we  did  not  see  nny  damage  to  Ihe  shoulder  area. 

NEWMAN  (CA) 

Forgive  me  if  I  didn't  quite  eateh  what  you  said,  but  what  was  the  nature  and  extent  of  bruin  injury  sustained 
in  that  purtieular  test? 

AUTHOR'S  REPLY 

We  didn’t  see  injury  to  the  brain,  but  in  the  case  of  PMTO's,  however,  it  can  by  no  means  be  ruled  out  that  con¬ 
cussion,  probably  combined  with  contusion,  intra  celebral  bleeding  and  oedema  would  also  have  been  observed  at 
the  same  loading  level  of  a  living  being  Since  these  conditions  are  linked  to  circulation  and  metabolism,  it  is  difficult 
to  simulate  them  on  a  PMTO. 


i>?-: 


DR.  VON  GIERKE  (LISA) 

Did  you  in  any  way  fix  or  enforce  the  neck? 

AUTHOR’S  REPLY 

No;  however  ,  we  held  the  head  into  position  until  the  moment  of  impact  against  the  wall,  the  head  was  then  free 
of  every  supporting  system. 

DR.  VON  GIERKE  (L'SA) 

And  you  did  not  try  different  neck  positions? 

AUTHOR'S  REPLY 

No,  but  we  did  try  to  position  the  head  so  that  each  impact  was  reproducible. 

DR.  VON  GIERKE  (USA) 

1  assume  this  (head  position)  will  be  the  main  difference  to  the  cause  of  the  injuries,  the  slight  differences 
of  the  head  alignment  with  respect  to  the  thoracic  spine. 
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Impact  performance  criteria  employed  in  the  evaluation  of 
protective  headgear  often  consider  the  temporal  characteristics 
of  the  translational  acceleration  induced  in  the  helmeted  head- 
form  during  impact.  These  implicit  criteria  may  appear  as  li¬ 
mits  on  the  time  during  which  the  test  headform  acceleration  is 
allowed  to  exceed  certain  values,  or  may  be  inherent  in  the  pass/ 
fail  criterion  itself. 

The  present  study  examines  the  significance  of  time  as  a  para¬ 
meter  in  the  prediction  of  head  injury  likelihood  or  severity. 

It  is  shown  that  since  the  temporal  characteristics  of  the  accelera¬ 
tion  waveform  is  simply  a  reflection  of  the  mechanical  characteris¬ 
tics  of  the  headform/helmet  assembly  it  bears  only  a  trivial  rela¬ 
tion  to  the  imput  forcing  function  and  thus  is  generally  uncor- 
relatable  to  head  injury  severity. 

It  is  concluded  therefore  that  upper  limits  on  translational 
acceleration  alone,  though  not  without  certain  restrictions,  con¬ 
stitutes  a  sufficient  criteria  for  evaluating  helmet  performance. 

The  use  of  a  time  parameter  is  shown  to  be  unsuppor table  and  can 
lead  to  unnecessarily  complex  criteria  and  inferior  helmet  per¬ 
formance. 


INTRODUCTION 


It  has  long  been  regarded  that  the  temporal  characteristics  of  the  translational  ac¬ 
celeration  imparted  to  a  head  (helmeted  or  otherwise)  is  related  to  the  nature  and 
severity  of  the  accompanying  head  injury.  That  is,  if  a  head  undergoes  an  acceleration, 
the  resulting  head  injury  is  somehow  related  to  the  manner  by  which  this  acceleration 
varies  in  time.  The  literature  abounds  with  examples  wherein  reference  is  made  to  how 
head  injury  depends  upon  things  such  as  the  time  duration  of  the  acceleration  pulse,  rate 
of  onset  of  acceleration,  etc.  (1-4)*.  Though  less  extensively  studied,  similar  relation¬ 
ships  have  been  proposed  in  a  rotational  acceleration  field  (5,  6).  These  latter  con¬ 
siderations  shall  not  be  dwelt  upon  here.  However,  the  thrust  of  the  following  remarks 
are  generally  applicable  to  both  types  of  motion. 

Notwithstanding  the  title  of  this  symposium,  it  is  the  author's  contention  that  im¬ 
pact  injuries  to  the  head  are  not  caused  by  acceleration.  Rather,  impact  injury  and  the 
accompanying  acceleration  of  the  head  are  both  responses  to  a  particular  input  or  forcing 
function.  This  may  appear  to  be  a  rather  mundane  point.  However,  it  is  very  significant 
when  attempting  to  quantify  any  relationship  between  injury  and  acceleration.  Whatever 
a(t)  is  produced  in  a  head  impact,  it  is  merely  a  kinematic  response.  A  response  that  is 
dictated  by  the  mechanical  characteristics  of  the  head/helmet  and  of  the  impact  object 
and  by  all  the  other  external  motion  limiting  constraints. 

Brain  injury  is  due  to  the  disturbance  or  disruption  of  the  central  nervous  system 
caused  by  local  deformation  induced  by  physical  stresses  (7) .  Stress  waves  in  the  brain 
may  be  induced  by  skull  deformation  and/or  by  skull  acceleration.  In  the  absence  of  sig¬ 
nificant  skull  deformation,  brain  stresses  are  induced  solely  by  inertial  effects.  These 
can  be  characterized  by  the  acceleration  of  the  skull  (assumed  to  be  rigid)  ,  Given  the 
same  set  of  motion  limiting  constraints,  it  is  generally  to  be  expected  that  in  the  latter 
case,  higher  levels  of  head  injury  will  be  associated  with  higher  levels  of  acceleration 
which  reflect  higher  imposed  forces. 

Given  different  motion  limiting  features,  such  as  those  chat  may  be  associated  with 
direct  blows  to  different  parts  of  the  head,**  the  same  head  injury  level  may  well  be 
associated  with  entirely  different  levels  of  acceleration.  Since  a(t)  merely  provides  a 
measure  of  the  change  in  velocity  of  the  head  associated  with  the  impact,  it  cannot,  by 
itself,  provide  any  information  about  the  magnitude  of  the  impact  phenomenon  (i.e.,  the 
induced  stresses).  For  example,  a  firearms  projectile  or  a  blunt  impact  to  the  top  of 


*  Numbers  in  parantheses  designate  references  at  end  of  paper 

**  Thereby  changing  the  motion-limiting  effects  of  the  neck. 
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the  head  will  both  produce  head  injuries.  In  neither  case  will  the  head  be  caused  to 
accelerate  substantially.  The  injury  mechanism  in  these  situations  is  not  related  to 
inertial  loading  but  rather  to  stresses  induced  by  deformation  (and  in  the  extreme; 
permanent  physical  disruption)  of  tissue. 

Hence,  one  might  expect  to  be  able  to  correlate  head  injury  to  acceleration  only 
when  - 

1.  The  stress  (and  hence  injury ) -inducing  mechanism  is  dominantly  of  an  inertial 
characteristic. 

2.  Skull  deformation  is  small,  and 

3.  Head  motion  limiting  features  are  controlled. 

If  all  of  these  conditions  are  fulfilled  (and  in  many  cases  of  helmeted  or  other 
padded  impacts  to  the  front,  rear  or  side  of  the  head,  they  are  approximated),  there 
remains  only  the  question  as  to  the  relative  significance  of  the  head  (or  test  headform) 
acceleration  waveform  shape  (i.e.,  a(t)). 

TEST  METHODS 


The  usual  approach  to  evaluating  the  impact  protection  afforded  by  a  helmet  is  as 
follows:  The  helmet  to  be  assessed  is  placed  upon  a  headform  of  specific  physical  and 
geometric  properties.  The  entire  headform  and  the  supporting  assembly  has  some  fixed 
mass.  The  helmeted  headform  is  allowed  to  fall  in  guided  free-fall  from  some  pre¬ 
determined  height  onto  some  pre-dete rmined  surface.  These  kinds  of  controls  should  pro- 
vide  the  necessary  basis  for  measuring  the  relative  performance  of  different  helmet  sys¬ 
tems.  Without  such  controls,  the  observation  of  a  kinematic  parameter  alone  (i.e., 
a(t))  would  be  insufficient  to  judge  the  helmet’s  performance.  However,  even  the  me¬ 
chanical  characteristics  of  the  headform  support  assembly  will  affect  the  shape  of  the 
a(t)  curve  and  different  support  structures  can  produce  substantially  different  res¬ 
ponses  for  identical  impact  circumstances  (8).  Since  one  cannot  eliminate  entirely  the 
effects  of  the  support  structure,  one  has  at  best  a  tool  to  measure  relative  helmet 
performance  only. 

Similar  points  are  relevant  in,  for  example,  the  testing  of  automotive  dashboards  (19V 
Again  the  mechanical  structure  of  che  test  device  is  fixed,  as  are  the  kinematic  charac¬ 
teristics  of  the  impact.  The  resulting  a(t)  for  different  dashboards  will  provide  a  re¬ 
lative  measure  of  impact  performance.  If  the  mechanical  characteristics  of  the  test 
equipment  are  changed,  then  the  apparent  performance  of  the  dashboard  will  change. 

In  any  case,  the  observed  a ( t )  is  no  more  than  an  expression  of  the  rate  of  which 
head  velocity  is  changing  during  impact.  The  principal  issue  here  then  is;  for  a  given 
total  velocity  change,  within  a  given  time  interval,  does  it  matter  precisely  how  that 
velocity  change  is  achieved  in  terms  of  the  expected  head  injury  (or  the  inferred  pro¬ 
tective  capacity  of  the  system).  That  is,  should  the  shape  of  the  acceleration  time 
curve  be  incorporated  into  the  failure  criterion  for  the  system  and  if  so,  how? 


Figure  1:  Triangular  Acceleration  Pulses 

A  simple  illustrative  example  of  these  considerations  is  shown  in  Figure  1.  Each  of 
these  hypothetical  a(t)'s  corresponds  to  the  same  velocity  change.  Each  has  the  same 
maximum  acceleration,  same  average  acceleration  a  and  the  same  pulse  duration  T.  Most 
head  injury  criteria  would  regard  these  pulses  to  be  of  equal  severity.  However,  as  first 
discussed  by  Brinn  and  Staffield  (9) ,  "Conventional  impact  analysis  would  demonstrate  that 
they  would  each  have  a  different  effect  on  typical  spring-mass  systems"  ...  and  thus 
similar  effects  on  the  human  head.  The  fallacy  of  their  approach  is  in  the  assumption 
that  these  acceleration  pulses  are  inputs  to  the  system  rather  than  responses  by  it. 

Their  system  is  assumed  to  be  deformable  and  their  measure  of  severity  is  the  amount  of 
deformation.  Hence  the  conclusions  are  not  applicable  to  inertial  loading. 

Before  proceeding  further  with  these  kinds  of  considerations,  a  brief  review  of  head 
injury  criteria  is  appropriate. 
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FAILURE  CRITERIA 

Most  head  injury  models  have  an  implicit  if  not  explicit  functional  dependence  on 
time  (9-15).  Included  among  these  models  are  the  Wayne  State  Tolerance  Curve  -  WST  (10) 
and  the  JARI  Head  Injury  Tolerance  Curve  -  JHTC  (11).  Others  include  the  lumped- 
parameter  models  of  Brinn  and  Staffield  (9),  Slattenscheck ,  et  a)  (12),  Fan  (13)  and  the 
Maximum  Strain  Criteria  -  MSC  of  Stalnaker,  et  al  (14).  The  most  recent  head  injury 
model  is  the  finite  element  brain  model  of  Ward  and  Co-workers  (15).  Excellent  reviews 
of  these  various  models  have  been  published  elsewhere  and  need  not  be  repeated  here 
(15,  16). 

Time  t  may  occur  in  the  failure  criteria  of  these  models  usually  in  one  of  three  ways: 

1.  Given  a  certain  average  acceleration  during  the  impact  pulse,  the  total  time  duration 
of  the  pulse  may  not  exceed  some  value.  The  forebearer  of  most  head  injury  models, 
the  Wayne  State  Tolerance  Curve  (10)  was  initially  intended  to  provide  such  a  depen¬ 
dence  b.  sed  on  this  criteria.  The  recent  work  of  Ono,  et  al  (11),  has  provided 
similar  correlations  between  average  acceleration  and  time  duration  (JHTC).  Such 
correlations  have  no  explicit  dependence  on  acceleration  waveform  shape.  It  can  be 
inferred  from  such  curves  only  that  the  total  time  during  which  the  head  accelerates 
is  a  factor  in  the  resulting  head  injury.  However,  average  acceleration  vs  time 
duration  criteria  have  never  been  formally  invoked.  In  fact,  such  curves  provide  no 
more  than  a  limiting  change  in  velocity  that  the  head  may  undergo  during  a  certain 
time  interval.  Within  the  range  of  1  to  10  msec  however,  this  velocity  change  is  not 
greatly  sensitive  to  time  duration.  Figure  2  illustrates  the  WST,  the  JHTC  and  a  line 
of  constant  velocity  change  equal  to  approximately  5.5  m/sec.  In  light  of  the  de¬ 
gree  of  experimental  scatter  associated  with  the  WST  and  the  JHTC,  time  duration  de¬ 
pendence  is  not  clear  from  these  curves. 
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Since  most  other  models  are  dependent  on  waveform  shape,  comparisons  between  the 
WST  (and  JHTC)  and  the  predictions  of  these  models  can  only  be  made  for  specific 
assumed  a(t)'s.  Such  a  comparison  for  several  different  head  injury  models  for  a 
triangular  acceleration  waveform  shape  is  provided  later  on, 

2.  Given  a  certain  a(t),  the  time  during  which  'a'  exceeds  a  limiting  value  may  not  be 
exceeded.  Examples  of  this  are  MVSS  201  and  218  (17,  18) .  The  respective  criteria 
are : 

a)  MVSS  201:  The  deceleration  of  the  test  headform  shall  not  exceed  80g  continu¬ 
ously  for  more  than  3  milliseconds „ 

b)  MVSS  218: 

i)  Peak  acceleration  shall  not  exceed  400g. 

ii)  Acceleration  in  excess  of  200g  shall  not  exceed  a  cumulative  duration  of 
2,0  milliseconds,  and, 

iii)  Acceleration  in  excess  of  150g  shall  not  exceed  a  cumulative  duration  of 
4.0  milliseconds. 

In  the  case  of  MVSS  201,  the  specification  is  intended  to  restrict  the  bulk  of  the 
deceleration  below  80g  while  allowing  brief  excusions  above  it.  The  rationale  for 
the  3ms  exemption  appears  to  be  in  the  belief  that  the  head  has  a  much  higher  toler¬ 
ance  to  very  short  acceleration  pulses  than  to  long  ones  (see  Figure  2).  However, 
extracting  a  portion  of  a  pulse  (the  part  over  80g's)  and  applying  the  perceived 
rules  applicable  to  pulses  of  short  total  duration  is  questionable. 

With  respect  to  MVSS  218,  the  purpose  of  the  specifications  are  not  absolutely  clear. 
Limiting  peak  headform  acceleration  to  400g's  is  in  effect  limiting  the  peak  force 
that  can  be  applied  through  a  helmet  to  approximately  4400  lb.  (The  test  headform 
weighs  nominally  11  lbs).  The  imposition  of  time-duration  limits  at  the  200  and  150g 
level  have  the  effect  of  "shaping"  the  acceleration  waveform  to  some  presumably  de¬ 
sirable  shape.  Whether  or  not  this  is  achieved  in  practice  is  debatable  for  it  is 
certainly  possible  to  "tailor"  the  headform  response  to  meet  the  standard  without 
necessarily  providing  a  better  helmet.* 


Figure  3:  Helmeted  Headform  Response: 

a)  MVSS  218  Time  Duration  Failure 

b)  MVSS  218  Passing  Acceleration  Trace 


Figure  3  illustrates  two  acceleration  waveforms  produced  in  random  helmet  testing. 
Both  correspond  to  the  same  impact  energy.  The  helmet  in  3(a)  would  fail  according 
to  the  above  criteria  while  that  of  3(b)  would  pass.  This  result  can  only  be  accep¬ 
table  if  th.  a(t)  of  3(a)  constitutes  a  greater  head  injury  threat  than  that  of  3(b). 


It  should  be  noted  that  simply  limiting  headforms  acceleration  to  80g’s  in  MVSS  201  and 
to  150a ' s  in  MVSS  218  would  obviate  the  need  to  invoke  time-duration  criteria  per  se. 
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The  sharply  rising  peak  of  3(b)  could  be  interpreted  as  a  spurious  "spike"  in  the 
trace  and  hence  disregarded.  It  is  however  an  actual  response  of  a  helmet  under¬ 
going  incipient  bottoming.  Whether  or  not  this  necessarily  constitutes  a  more 
serious  head  injury  threat  is  discussed  further  on. 

3.  A  third  form  of  a(t)  and  t  correlation  to  head  injury  severity  is  that  the  value  of 
some  functional  relationship  between  the  two  not  be  exceeded.  Examples  of  this  are 
the  Gadd  Severity  Index  -  GSI  (19)  and  the  Head  Injury  Criteria  -  HIC  (20).  These 
are  expressed  as  follows:- 


GSI 


/ 


a(t)2-5dt^l,000 


HIC  =  ( 


t2'tl  / 


a (t) at) 2-5 (t2-t1)  $  1,000 


where  t^  and  t ^  are  chosen  to  maximize  HIC 


The  GSI  is  currently  employed  as  the  failure  criterion  of  the  NOCSAE  standard  for 
football  helmets  (21)  (though  the  failure  limit  has  been  set  at  1500).  The  HIC  is 
referenced  in  MVSS  208  for  head  injury  protection  in  automotive  crash  testing  (22). 


Both  the  GSI  and  the  HIC  heavily  weigh  the  acceleration  (by  the  2.5  power)  and  thus 
both  would  result  in  higher  values  for  the  aft)  of  Figure  3(b)  than  for  3(a).  The 
higher  these  values,  the  more  likely  is  it  that  the  failure  criterion  would  be  ex¬ 
ceeded  and  hence  both  would  appear  to  identify  the  waveform  shape  of  Figure  3 (b)  as 
being  the  greater  head  injury  hazard.  However,  from  a  fundamental  point  of  view,  it 
is  not  clear  that  this  conclusion  is  necessarily  valid;  for  the  GSI  and  the  HIC 
suffer  from  serious  theoretical  flaws  (23,  24).  Some  independent  assessment  of 
waveform  shape  is  required  . 


FINITE  ELEMENT  BRAIN  MODEL 

The  Ward  brain  model  (15)  can  be  used  to  simulate  the  response  of  the  brain  to  dy¬ 
namic  loading.  Employing  a  finite  element  structural  analysis,  the  model  can  predict, 
for  a  prescribed  skull  acceleration,  the  pressure  distribution,  stresses  and  strains 
within  the  cranial  cavity.  The  model  must  generally  accept  the  approximation  that  the 
skull  be  rigid.  Hence  it  it  especially  suitable  for  inertial  loading  or  for  impacts  to 
a  helmeted  he^d.  (Skull  deformation  in  the  latter  case  is  significant  only  in  cases  of 
severe  overloading  of  the  helmet) . 

An  essential  postulate  of  the  model,  one  which  has  some  experimental  validation  (25), 
is  that  brain  injury  is  directly  related  to  the  peak  intracranial  pressure.  Moderate 
brain  injury  has  been  correlated  to  a  peak  pressure  of  24  psi.  Severe  injury  occurs  if 
peak  pressure  exceeds  35  psi.  No  suggestion  has  been  made  that  the  time  during  which  the 
pressure  exceeds  these  (or  any  other)  values  has  any  bearing  on  the  head  injury  severity. 

For  purposes  solely  of  comparing  the  predicted  a  vs  T  of  the  finite  element  model  to 
those  of  other  models,  Ward  has  exercised  the  model  for  a  series  of  triangular  accelera¬ 
tion  pulses  each  producing  the  same  peak  intracranial  pressure  of  24  psi.  These  predic¬ 
tions  (labelled  Ward  MI)  along  with  those  of  the  HIC,  SI,  WST,  JHTC  ana  the  MSC,  are 
shown  in  Figure  4.  Detailed  discussions  of  the  differences  in  the  various  predictions 
have  been  provided  by  Ward  (25) . 


What  she  has  not  pointed  out  however,  are  the  reasons  for  these  differences.  They 
presumably  must  lie  in  the  different  predictive  capabilities  of  the  various  models. 

Such  extraordinary  variation  in  predictions  of  the  same  phenomenon,  i.e.,  head  injury, 
can  only  be  explained  by  what  must  be  termed  inaccuracies  in  the  models.  Given  an  es¬ 
sentially  triangular  acceleration  pulse,  it  is  simply  not  possible  to  determine  from 
all  of  these  models,  a  tolerable  time  duration  for  a  given  average  acceleration.  There¬ 
fore,  it  seems  highly  unlikely  that  one  could  rely  on  any  head  injury  criterion  which 
invokes  a  functional  relation  between  a(t)  and  t. 

Every  model  does  however  have  one  common  feature.  For  any  given  time  duration,  head 
injury  severity  or  likelihood  increases  with  average  or  peak  acceleration.  The  "accep¬ 
table"  performance  of  Figure  3(b)  will  in  fact  correspond  to  substantially  higher  intra¬ 
cranial  pressures  than  the  "failure"  of  Figure  3(a).  Hence  in  the  final  analysis,  the 
only  currently  meaningful  criterion  for  translational  helmeted  head  impact  injury  appears 
to  be  simply  that  of  peak  acceleration. 
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Pulse  Width  (msecj 

Figure  4:  Tolerance  Boundary  Predictions  of 
Various  Head  Injury  Models 

CONCLUSIONS 


Given  the  present  state-of-kncwledge  of  head  injury  mechanisms  of  head  injury  models 
and  of  helmet  test  techniques,  it  is  not  possible  to  assign  any  special  significance  to 
the  details  of  the  manner  by  which  headform  translational  acceleration  varies  with  time. 
The  safest,  most  reasonable  approach  to  assessing  helmet  impact  performance  is  to  monitor 
the  peak  headform  acceleration  and  to  take  whatever  steps  are  necessary  to  minimize  that 
acceleration. 
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DISCUSSION 

WARD  (USA) 

Would  you  please  comment  on  the  rate  of  change  of  acceleration  (jerk)? 
AUTHOR’S  REPLY 


The  point  is  very  well  taken  and  1  know  precisely  that  of  which  ycu  are  speaking,  but  indeed  the  peak  intra¬ 
cranial  pressure  is  also  a  function  of  how  quickly  the  curve  is  rising.  Perhaps  manufacturers  and  helmet  testers 
should  riot  only  look  at  the  peak  g,  but  they  should  also  look  at  how  quickly  that  peak  is  achieved.  There  are 
other  considerations  which  might  become  necessary  to  take  into  account.  I'd  rather  not  get  into  them  at  this 
point . 


DR.  GLAISTER  (UK) 


One  of  the  factors  that  determines  peak  acceleration  in  helmet  tests  is  the  frequency  response  of  the  equip 
ment  used.  1  wonder  if  all  laboratories  have  standardized  on  such  equipment. 

AUTHOR'S  REPLY 


The  precise  acceleration  time  behavior  is  dependent  not  only  upon  the  helmet  and  the  thing  that  it  strikes,  but 
the  entire  test  apparatus  to  which  this  helmet  is  attached;  the  headform,  and  the  structure  to  which  the  headforrn 
is  attached,  etc.  In  1974,  the  Z-90  Committee  in  the  United  States  did  a  round-robin  tist  on  a  number  of  laboratories 
in  the  United  States  and  Canada  and  found  that  beeause  of  specific  and  relatively  subtle  mechanical  differences  in 
test  equipment ,  that  indeed  the  changes .  the  differences  in  acceleration  versus  time,  were  quite  remarkable. 


DR.  VCN  GIERKE  (USA)  COMMFNT 

I  don't  want  to  defend  the  11 1C  standards  wc  have,  but  1  would  like  to  remind  you  that  wc  had  the  same  dis 
cussion  at  the  Oporto  meeting  with  respect  to  the  full  body  response,  and  some  of  us  felt  when  you  have  dura¬ 
tion  of  impulse  or  acceleration,  to  the  left-hand  side  somewhere  the  curve  has  to  rise.  This  is  just  a  fact  of 
nature.  It  has  to  be  proportioned  to  delta  V  ,  once  you  have  an  impulse  shorter  than  the  mechanical  response 
of  your  system.  There  was  a  long  debate  at  Oporto  and  you  have  several  papers  in  tilts  conference  proceedings, 
and  1  think  by  this  time  that  it  is  well  accepted  by  the  whole  community  (and  we  showed  it  in  human  experiments) 
that  the  human  body  can  stand  400g  and  more  when  the  pulse  is  short  enough.  I'm  sure  the  same  thir.g  will  apply 
to  the  skull  as  long  as  you  don't  break  the  skull.  There  is  a  good  theoretical  basis  for  the  terminal  shape  of  the 
Wayne  State  University  curve,  and  I  think  we  should  not  jump  to  the  opposite  and  suddenly  say  constant  accelera¬ 
tion  is  all  ve  need.  Somewhere  in  the  short  range,  1  am  sure  we  have  to  allow  the  curve  to  rise  and  there  is 
some  justification,  at  least  for  the  testing  method,  certainly  not  for  the  H1C  and  the  overemphasis  on  the  accelera¬ 
tion. 

DR.  PRIV1TZER  (USA) 

In  your  slides  comparing  Dr.  Ward's  tolerance  curve  with  previously  developed  curves,  1  was  under  the  im¬ 
pression  that  Dr.  Ward’s  curve  was  based  on  triangular  acceleration  profiles,  thus  exhibiting  a  charaeteristic 
"dip,"  while  the  other  curves  were  based  on  primarily  rectangular  acceleration  profiles,  which  exhibit  an 
exponential  increase  in  acceleration  with  decreasing  duration  times  to  the  left  of  roughly  one  half  the  fundamental 
period  of  the  system.  Did  I  understand  this  correctly? 

AUTHOR'S  REPLY 

In  the  slide  to  which  you  refer,  the  MSC .  IHC,  GS1  and  Ward  model  were  all  exercised  with  triangular  accelera¬ 
tion  pulses.  The  WST  and  JI1TC  are  based  on  experimental  data;  the  u(t)  for  each  point  on  those  curves  being 
whatever  they  were.  The  Ward  model  has,  however,  been  exercised  for  a  variety  of  waveform  shapes  and  it 
always  possesses  the  characteristic  "dip".  Its  position  on  an  a  t  plot  would  be  different  for  different 
pulse  shapes. 

DR.  GLAISTER  (UK) 

A  further  factor  which  determines  the  peak  acceleration  monitored  during  helmet  testing  is  the  frequency 
response  at  the  measurement  system .  How  well  do  you  think  that  this  is  standardized  between  different  test 
centers? 

AUTHOR'S  REPLY 

The  frequency  response  of  the  measurement  system  can  affect  not  only  the  peak  acceleration  but  the 
entire  shape  of  the  a(t)  curve.  Both  Irving  and  Henderson  have  undertaken  to  establish  the  effects  of  the  variables 
at  various  test  labs  and  have  found  they  can  be  substantial.  Even,  however,  if  all  test  labs  had  equipment  of 
the  same  frequency  response,  the  precise  nature  of  a(t)  would  be  dependent  upon  the  particular  characterisctics 
of  the  test  equipment. 
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DR.  THOMAS  (USA) 

The  gentlemen  who  did  the  work  on  the  comparison  between  laboratories  was  Marshal  Irving  from  Dayton 
T  Brown  Co.  (Z90  Committee  Consultant)  and  he  came  up  in  that  process  with  a  system  for  the  comparison  test¬ 
ing  between  laboratories  which  involved  a  particular  elastomeric  impact  pad,  which  was  used  to  compare  the 
accelerometer  response  in  the  drop  tests  for  helmets.  The  issue  about  the  test  criteria  that  you're  talking  about 
has  involved  helmet  manufacturers  for  over  20  years;  it  is  only  a  test  criteria  and  not  a  design  criteria.  That 
test  criteria  used  to  its  ultimate  insanity  can  come  up  with  some  very  peculiar  helmets.  The  US  Army  has  had 
bitter  experience  in  this  area.  During  the  sixties  a  helmet  grew  to  more  than  four  Dounds  as  a  result  of  carrying 
these  things  too  far.  Although  the  helmet  limited  the  acceleration  applied  to  the  man,  it  was  rejected  by  the 
flyers  due  to  operational  suitability.  The  Army  then  went  back  to  an  efficiency  criteria  of  how  much  energy 
absorption  you  can  get  within  the  ANSI  standard  per  unit  of  weight  of  the  helmet,  which  became  an  operating 
design  criteria  for  the  SPH-4  helmet. 

AUTHOR'S  REPLY 

I  do  realize  that  there  are  very  practical  considerations  with  respect  to  design.  The  1979  ANSI  revision 
did  do  away  with  time  duration  criteria.  The  Snell  Foundation  and  ISO  Standard  have  also  dropped  the  time 
requirement.  To  my  knowledge,  the  only  agency  that  still  retains  it  is  the  US  D.O.T.  Standard.  For  a  design 
point  of  view  perhaps  it's  nice  to  have  a  helmet  such  as  that . 
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RESUME 


Par  analogic  avec  les  methodes  d' analyse  du  comportement  des  structures  indus trielles ,  les  auteurs 
posent  I'hypothese  selon  laquelle  la  propagation  des  chocs  et  des  vibrations  dans  la  colonne  vertebrale 
peut  etre  apprehendee  par  la  determination  de  la  fonction  de  transfert  du  disque  intervertebral.  Apres 
avoir  rappele  les  definitions  et  les  conditions  d 'utilisation  de  la  fonction  de  transfert,  ils  exposent 
la  methode  employee,  le  protocole  retenu  pour  1' etude  de  la  propagation  des  vibrations  consecutives  S  un 
choc  applique  directement  sur  le  sacrum  d'un  primate  de  faible  poids.  La  linearite  de  la  reponse  ver¬ 
tebrale  est  etudiee,  les  vitesses  de  groupe  et  de  phase  des  ondes  propagees  sont  calculees.  Ce  travail 
constitue  le  complement  des  travaux  effectues  anterieurement  concernaut  le  comportement  discal  etudie, 
in  vivo  et  in  situ,  en  regime  vibratoire  chez  un  animal  chroniquement  bioins trumente. 


INTRODUCTION 


L'etude  des  effets  des  chocs  et  des  vibrations  mecaniques  sur  le  corps  humain  conserve  S  ce  jour 
toute  son  importance  en  physiologie  et  en  ergonomie  aeronautique.  Cet  interet  lie  a  la  lutte  contre  les 
nuisances  se  justifie  tant  au  plan  de  la  connaissance  fondamentale  des  effets  biologiques  des  chocs  et 
des  vibrations  qu'en  ce  qui  concerne  ses  nombreuses  applications  -  medicales,  ergonomiques ,  socio- 
economiques  et  industrielles  -  civiles  et  militaires. 

Evoquons  le  cas  d'un  certain  nombre  de  postes  de  travail  rencontre  en  Aeronautique. 

"Le  probleme  de  l'etude  de  l'effet  des  vibrations  sur  l'homme  en  milieu  aeronautique  ne  differe 
pas  fondamentalement  de  la  meme  etude  en  ergonomie  generate.. .  le  pilote  d 'hSlicoptere  soumis  aux  vibra¬ 
tions  engendrees  essentiel lement  par  le  rotor  de  l’appareil  et  cela  plusieurs  dizaines  d'heures  par  mois, 
pendant  des  annees,  pourra  ressentir  une  fatigue  diffuse  avec  baisse  des  performances  et  souvent  raideur 
du  rachis  £  la  fin  de  chaque  mission,  puis  S  plus  longue  echeance  une  douleur  permanente  accompagnee 
d'une  contracture  de  la  musculature  paravertebrale ,  de  signes  d'arthrose  vertebrale  et  de  troubles  de  la 
mobility  du  rachis. 

Le  pilote  d 'he licoptere  ou  d'avion  soumis  S  de  fortes  turbulences,  ou  encore  plus  les  pilotes 
d'avion  de  penetration  3  grande  vitesse  er.  basse  altitude  seront  soumis  3  un  intense  regime  vibratoire 
de  basse  frequence"  :  Auffret  et  Coll.(  l  ) 

La  relation  entre  la  survenue  de  lombalgies  et  1 'activity  tr6pidante  est  certaine.  Malheureusement 
les  donnees  relatives  £  la  biodynamique  vertebrale  sont  encore  tres  parcellaires .  La  connaissance  des 
contraintes  et  des  deformations  subies  par  l'organisme  est,  sans  nul  doute,  le  premier  pas  vers  une 
explication  rationnelle  (celle  qui  relie  causes  et  consequences)  de  la  pathologie  rhumatismale  ou  trauma- 
tique.  Mais,  parce  que  les  proprietes  les  plus  importantes  de  la  colonne  vertebrale  sont  essentiellement 
liees  S  ses  caracteri s tiques  fonct ionnelles ,  il  est  indispensable,  en  biomecanique,  d'en  etudier  ses 
specifications  dynamiques  et  non  seulement  cinematiques ,  statiques  ou  quasistatiques . 

Lorsque  la  sollici tation  mecanique  (choc  ou  vibration  entretenue)  est  transmise  3  un  sujet  par  le 
siege  sur  lequel  il  est  assis,  une  onde  vibratoire  se  propage  dans  1' ensemble  du  corps.  Dans  la  colonne 
vertebrale  cette  onde  chemine  depuis  les  vertebres  les  plus  basses  (sacrolombaires)  jusqu'aux  vertebres 
cervicales.  Cette  propagation  interest  forcement  les  disques  intervertebraux.  A  long  terme,  les  sollici- 
tations  auxquelles  sont  soumises  les  articulations  discales  provoquent  l'apparition  Ue  troubles  dont  la 
comprehension  impose  la  connaissance  du  comportement  dynamique  de  l’organe  :  celle-^i  peut  etre  abordee 
par  l'etude  de  la  fonction  de  transfert  diacale. 

DEFINITION  DE  LA  FONCTION  DE  TRANSFERT  DU  DISQUE  INTERVERTEBRAL 


Etudions  la  propagation  d'une  onde  vibratoire  e(t),  fonction  du  temps,  entre  deux  vertebres  adja- 
centes.On  peut  dire  que  e(t)  est  un  signal  erais  par  la  premiere  vertebre  dite  emet trice  E  :  e(t)  est  done 
le  signal  d'er.tree  dans  le  disque  intervertebral.  De  la  neme  fa^on,  le  signal  re^u  par  la  vertSbre  adja- 
cente  ou  rticeptrice  R  est  considere  comme  le  signal  de  sortie  s(t)  du  disque  intercalaire  (figure  1). 

Si  le  disque  poss^de  certaines  proprietes,  il  peut  etre  considere  coome  un  op£r^teur  de  convolu¬ 
tion  qui  pr£sente  un  comportement  h(t).  Ceci  signifie  que  la  connaissance  de  e(t)  et  de  h(t)  permet  de 
calcu*er  s(t)  grace  £  une  operation  dite  de  convolution  (not£e  *) 

s(t)  •  e(t)  *  h ( t ) 

Mais  les  caract£rist iques  de  transfert  d'un  operateur  sont  t->ujours  obtenues  en  fonction  des 
grandeurs  d'entr£e  e(t)  et  de  sortie  s(t).  Dans  notre  £tudev  ce  que  l'on  se  propose  de  d£finir  e'est  h(t), 
caraeterist ique  de  transfert  de  l'operateur  discal. 

Il  s'ensuit  prat iquement  la  necessite  de  mesurer  e(t)  ,  s(t)  puis  de  calculer  h(t)  par  l'interme- 
diaire  d'une  operation  dite  de  deconvolution  (notee  J)  cf. figure  2. 

Traditionnelleraent  les  Etudes  de  vibrations  (reponses  impulsionne 1 les  ou  entretenues)  se  referent 
non  $  1 'evolution  du  signal  dans  le  temps  mais  &  son  contenu  en  frequence.  Les  caract£ristiques  de  trans- 
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fert  sont  alors  analysees  en  utilisant  la  Transformee  de  Fourier  ;  h(t)  dans  le  doraaine  des  frequences 
devient  H(u>). 


D1SQUE  INTERVERTEBRAL 
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La  fonction  de  transfert  du  disque  H((jj)  est 
definie,  comme  le  rapport  de  la  Transformee  de 
Fourier  du  signal  de  sortie  J^s(t))  ou  S(u)) 
a  la  Transformee  de  Fourier  du  signal  d' entree 
^(e(t))  ou  F.(u))  cf.  figure  3. 

Remarque  :  Cette  definition  est  "stricco  sensu" 
un  abus  de  langage,  car  mathematiquement  la 
fonction  de  transfert  est  definie  exactement 
comme  la  Transformee  de  Laplace  de  la  reponse 
du  disque  0  S  une  impulsion  appliquee  en  E. 

H((jj)  n’est  done  pas  vraiment  la  fonction  de 
transfert  du  disque  intervertebral  ;  11  vau- 
drait  mieux  parler  de  comportement  en  frequence. 
Cependant,  1* appellation  "fonction  de  transfert" 
est  conservee  dans  la  suite  de  l’e'ude  car  : 

-  La  Transformee  de  Fourier  n'est  qu'un  cas 
particular  de  la  Transformee  de  Laplace. 

-  Elle  est  passee  dans  le  langage  courant 
des  ingenieurs  ;  ainsi  les  electroniciens  asso- 
cient  le  concept  de  fonction  de  transfert  &  la 
notion  de  filtre  et  les  biomecaniciens  ont  de 
tout  temps  assimile  le  disque  intervertebral  & 
un  filtre  mecanique. 

-  Enfin,  de  norabreux  auteurs  comme  Max  (  2  ), 
Papoulis  (  3  ),  Roddier  (  5  ),  Roubine  (  B  ) 
ont  apporte  toutes  les  justifications  necessai- 
res  &  l'utilisation  de  la  Transformee  de 
Fourier  dans  les  etudes  du  comportement  en  fre¬ 
quence  des  structures. 


Hi...)  -  FONCTION  DE  TRANSFERT  -  I  [lift)] 

Si.  - - 

- E 


Fig. 1-2-3  :  Definition  de  la  fonction  de  transfert 
du  disque  intervertebral 


fig.  -J  :  La  fonction  de  transfert  H(‘~)  d*un  disque 
intervertebial  lombaire  est  ca leu  lee  a 
partir  de  signaux  delivres  par  des  accele - 
romt-tres  fixes  sur  les  corps  des  deux 
vertebres  situees  de  part  et  d'autre  du 
disque 


METHODOLOCIE 

La  lutte  contre  les  vibrations  entraine  une 
raise  en  jeu  musculaire  physiologiquement  bien 
ref;ulee  qui  implique  la  participation  d'un 
capteur  peripherique  (recepteur  physiologique)  : 
le  fuseau  neuromusculaire.  Cette  lutte  entraine 
une  depense  d’energie  en  rapport  avec  le  temps 
d ' application  du  stimulus  vibratoire  et  de  son 
intensity.  On  peut  egalement  penser  que  les 
variations  -  meme  minimes  -  de  contraction  mus¬ 
culaire  provoquant  des  variations  de  rigidite 
de  la  colonne  s 'accompagneront  de  variations  des 
caracteristiques  de  transfert  de  la  structure 
puisqu’une  partie  importante  des  muscles  du 
tronc,  du  cou  et  des  ceintures  sont  insures  sur 
cette  poutre  maitresse  de  la  charpente  corpo- 
relle  qu'est  la  colonne  vert£brale. 

Pour  £tudier  la  relation  entree-sortie  d'un 
disque,  telle  qu'elle  vient  d'etre  definie,  il 
faut  considerer  le  systeme  dans  son  integrite 
anatomique,  c'est-3-dire  recuei’lir  les  signaux 
"in  situ".  Mais  pour  obtenir  la  reponse  du  sys¬ 
teme  dans  son  integrite  biologique  il  faut 
recueillir  les  signaux  "in  vivo".  Pour  ce  faire, 
il  faut  implanter  des  capteurs  par  voie  chirur- 
gicale  sur  une  colonne  vert£brale  normalement 
vascularis^e .  Une  telle  methode,  sanglante, 
impose  1 'uti 1 isation  d’un  bon  moddle  de  colonne 
vertebrale  humaine  :  le  rachis  d’un  primate. 
Celui-ci  equipe  de  ses  capteurs  vert6braux  peut 
etre  soumis  5  une  impulsion  ^  l'aide  d'une  bro- 
che  directement  implant£e  sur  le  sacrum  de 
1 'animal  prof  ondtiment  anesth£sie. 

D£s  lors  si  deux  signaux  x(t)  et  y(t)  repre- 
sentent,  par  exemple,  les  accelerations  verte- 
brales  (fig.  4)  de  part  et  d'autre  d'un  disque, 
le  calcul  de  H(u:)  determine  la  fonction  de 
transfert  de  ce  disque.  A  partir  des  fonctions 
de  correlation  on  calcule  la  Density  speetrale 
de  puissance  (autocorrelation)  et  une  mesure  du 
Transfert  d'energie  (intercorrelation)  entre 
les  deux  points  d 'acquisit ion  des  signaux. 

Toutefois,  un  certain  nombre  de  conditions 
pr.ulables  doivent  ftre  v£rifiees.  Ainsi  on  ne 
peut  parler  de  fonction  de  transfert  que  si 
l’op£rateur  auquel  s'applique  cette  fonction  est 
un  op£rateur  de  convolution  qui  presente  les 
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proprieties  de  linearite,  d  '  invariance  et  de  continuity. 

De  plus,  il  n'est  iicite  d'utiliser  1' integrate  de  Fourier  sur  un  temps  fini  que  si  les  signaux 
auxquels  elle  s' applique  presertent  certaines  propriety  statistiques  de  stationnarite  et  d ' ergodicite . 
Ces  tests  statistiques  bien  qu' indispensables  a  la  validite  de  l'etude  ne  seront  pas  rapportes  ici  ;  lon- 
guement  etudies  en  regime  vibratoire  et  discutes  par  ailleurs  -  Quandieu  .  4  )  -  ils  font  l'objet  de 
publications  en  cours 

Un  protocole  applique  a  une  methode  appropriee  a  ete  mis  au  point  pour  definir  le  domaine  de  linea- 
rite  de  1* ensemble  osteoligamentomusculaire  etudie  en  regime  impulsionnel . 

METHODE  PROTOCOLE 


Theoriquement ,  un  systeme  est  lineaire  s'il  obdit  au  principe  de  superposition. 

L  [XJ  fl  (n>  +  X2  f 2  <n>  ^  =  r  1  L  [fi  (’n;]  +  X2  L[f2  (n)] 

Dans  cette  relation  existe  deux  proprietes  : 

-  l'homogeneite  :  si  les  entrees  sont  multipliees  par  un  meme  facteur  constant,  les  sorties  sont  ega- 
lement  multipliees  par  ce  meme  facteur  (proportionnalite  des  effets  aux  causes). 

-  l'additivite  :  les  sorties  resultantes  des  diverses  entrees  sont  la  somme  des  sorties  resultant 
separement  des  entrees  (les  causes  ajoutent  leurs  effets). 

La  linear! te  est  ytudiee  H  l'aide  de  tests  dont  aucun  n'est  suffisant  par  lui-meme  mais  dont  la 
convergence  df ensemble  fait  fortement  suspecter  cette  propri^te  du  coraportement  discal  en  regime 
dynaiique  : 

a)  Etude  de  la  distorsion  harmonique 

b)  Etude  de  la  superposition  reduite  &  l'homogeneite  dans  laquelle  les  reponses  vertebrales  des  divers 
animaux  soumis  &  des  excitations  d ' amplitude  variable  sont  etudiees. 

c)  Etude  de  la  fonction  de  coherence  :  la  fonction  de  transfert  ef f ectivement  calculee  par  notre  analy- 
seur  realise,  par  elle-meme,  une  linearisation  du  systSme  puisqu'il  s'agit  du  calcul  d'une  fonction  de 
transfert  coherente.  L' importance  de  cette  approximation  est  evaluee  par  1 ' intermediaire  de  l'etude  de  la 
fonction  de  coherence.  Celle-ci  est  egale  au  rapport  du  carre  du  module  de  1 ' interspectre  (Transformee  de 
Fourier  de  la  fonction  d'intercorrelation)  des  deux  signaux  au  prodnit  des  densites  spectrales  de  ces 
signaux.  C'est  done  une  fonction,  continue,  reelle  comprise  entre  zero  et  un.  Si  la  valeur  de  la  fonction 
de  coherence  est  inferieure  I  l'unite,  trois  possibilites  peuvent  etre  envisagees  : 

-  le  systeme  reliant  les  deux  signaux  n'a  pas  un  comportement  lineaire 

-  le  systeme  est  lineaire  mais  du  bruit  se  superpose  au  signal 

-  du  bruit  ee  superpose  sur  une  r£ponse  non  lineaire  du  systeme 

Mais  la  reciproque  n'est  pas  vraie  :  une  fonction  de  coherence  egale  3  l'unite  n'implique  pas  la 
linearite. 

Le  protocole  cons is re  done  &  fixer  chirurgicalement  des  acc£l£rom£tres  miniatures  sur  la  face  ant£- 
rieure  des  corps  vert£braux  d'un  animal  profondement  anesth£si€  ;  3  fixer  une  broche  munie  d'un  accelero- 
m&tre  et  d'un  capteur  de  force  dans  le  sacrum  ;  a  appliquer  sur  cette  broche  des  chocs  d'intensit£  varia¬ 
ble  et  de  richesse  en  harmoniques  differente  et  d'etudier  les  fonctions  qui  viennent  d'etre  definies  et 
qui  sont  representSes  sur  le  synoptique  de  la  figure  5. 
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MOYENS  MIS  EN  OEUVRE  : 

I  -  Impl^antat ion_chi rurgicale^des_acc616rom^t res  : 

-  Choi x_de_^anima^  : 

II  s’agit  d'un  jeune  babouin  da  8  3  9  kg,  capable  de  supporter  une  intervention  chirurgicale  de  lon¬ 
gue  dur£e.  Generalement  quadrupede,  sa  position  de  repos  est  une  position  verticale.  Parce  qu'il  n'est 

pas  un  brachiateur  habituel,  il  ne  pr£sente  pas  de  dSveloppement  excessif  de  na  ceinture  scapulaire. 

Cet  animal  possede  sept  vertebres  lombaires.  Comparativement  a  l'nomme,  il  possdde  un  abdomen  de 
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hauteur  plus  importante,  ce  qui  evite  de  pratiquer  une  laparatomie  mediane  trop  elargie  p~ur  decouvrir 
les  vertebres  interessees. 

"  Choix_des_acceier ome t res  : 

II  est  guide  par  le  type  de  travail  &  realiser.  Des  accelerometres  £  faible  etendue  de  mesure  et  a 
forte  sensibilite  sont  utilises  pour  les  etudes  2  bas  niveau* d ' acceleration. 


semi-conducteurs)  dont  les  caracteristiques  sont  les 


II  s'agit  de  capteurs  ENTRAN  (pont  de  jauges 
suiva^tes  : 

-  Etendue  de  mesure  t  5  G 

-  Sensibilite  1,5  mV/m/s^ 

-  Surcharge  :  5  fois  l'etendue  de  mesure 

-  Bande  pass ante  :  0  -  150  Hz 

-  Dimensions  :  7  x  4,5  x  3,5  nm 

Pour  l'etude  des  chocs  des  accelerometres  Bruel  et  Kjaer  type  4374  sont  utilises  : 

-  Sensibilite  :  0,1  pC/m/s^ 

-  Bande  pass ante  :  1  -  25000  Hz 

-  Etendue  de  mesure  :  .  25000  G  (choc  crete) 

.  5000  G  (sinus-crete) 

Le  mode  de  fixation  utilise  des  clips  qui  sont  visses  sur  la  colonne.  Ces  clips  resolvent  ensuite 
les  accelerometres.  La  masse  de  lf ensemble  est  environ  egale  &  1,9.10"’-*  kg.  Ljl  masse  d’une  vertSbre 
isolee,  prelevee  chez  un  babouin  de  10  kg  est  approximat Wement  de  37. 10“-*  kg.  Le  rapport  de  la  masse  du 
systeme  d 1 implantation  H  la  masse  de  la  structure-support  est  done  approximativement  egal  2  20  (capteurs 
Entran) .  Ainsi  peut-on  affirmer  que  la  masse  de  1 ' acc^lerometre  n’est  pas  un  facteur  de  perturbation  trop 
important  vis  2  vis  du  comportement  dynamique  de  la  structure  £  etudier. 

-  Temps _chirurgi cal  : 

L'anestnesie  est  obtenue  par  l'injection  I.M.  de  120  rag  de  ketamine  (imalgene  1000),  en  deux  fois 
(dose  15  mg/kg)  H  une  demi-heure  d * intervalle .  L' animal  reqoit  en  prem€dication  1  mg  d’ atropine.  Pendant 
1* intervention  l'anesth.Ssie  est  maintenue  par  l’injection  I.M.  de  50  mg  de  ketamine  S  la  demande.  La 
laparatomie  mediane  sus  et  sous  ombillicale  et  1 'ef fondrement  du  peritoine  parietal  posterieur  permet  de 
degager  un  espace  interaortocave  de  4  £  5  mm  de  large  sur  40  mm  de  haut.  Le  ligament  vertebral  anteriour 
est  bien  individualise  en  regard  de  L4  et  L5.  II  s'elargit  en  eventail  devant  L^,  L7  et  le  sacrum. 

Une  petite  incision  mediane  longitudinale  est  ora- 
ti.qu£e  dans  le  ligament.  Cette  incision  realisee  dans 
l'axe  des  fibres  ne  perturbe  nullement  la  fonction  de 
contention  de  ce  ligament.  El le  permet  de  pratiquer  un 
pertuis  laissant  le  passage  d'une  fraise  dentaire  de 
0,8  mm  de  diametre.  Un  avant-trou  est  alors  realise 
dans  la  corticale  vert£brali.  Le  clip  est  ensuite  visse 
dans  la  vertdbre  et  les  capteurs  sont  insures  entre  les 
machoires  du  clip.  La  preparation  Z  ce  stade  est  repre¬ 
sentee  fig. 6.  Les  seize  ou  vingt  fils  de  sortie  (quatre 
ou  cinq  groupes  de  quatre)  sont  exteriorises  3  la  peau. 
Le  peritoine  parietal  posterieur  est  suture. 

Chez  cet  animal  bioinstrumente ,  le  deuxiSme  temps 
operatoire  consiste  a  implanter  sur  la  face  anterieure 
du  sacrum  une  broche  munie  d’un  acceleromStre  BK  4374 
et  une  cellule  de  force.  Cette  cellule  "Kistler"  piezo- 
eiectrique  presente  une  sensibilite  de  40  pC/kgf  et  une 
force  max.  de  7,5  IN  (fig. 7). 

La  voie  d'abord  est  transrectale  ;  apr*?s  introduction 
de  la  broche  par  voie  ano-rectale,  une  boutonniere  au 
niveau  de  la  partie  terminale  de  l'intestin  permet 
d’exterioriser  l'extr£mit£  de  la  broche  muni"  de  la 
broche  munie  de  la  vis  dans  l1 espace  retro-rectal.  Le 
vissage  se  fait  dans  la  partie  basse  du  sacrum. 

La  paroi  anterieure  de  1' abdomen  est  ferraee  en 
trois  plans. 

L’ensemble  des  manipulations  se  fait  sous  anesthe- 
sie  genlrale  profonde. 

-  Moyens_d j_exci  tat  ion_-_Stockage_e  t_Trai  tement_des 
signaux  : 

En  matiSre  d'excitation  m6canique  de  la 
colonne  vert£brale  deux  types  de  fonctions  sont  engen- 
dr€es  : 

.  des  chocs  S  l'aide  de  marteaux  const itu£s  de 
raat£riaux  different*  et,  par  consequent,  susceptibles 
de  d£livrer  des  impulsions  dont  les  caracteristiques 
en  frequences  sont  plus  ou  moins  etendues. 

.  des  vibrations  directement  appliqu£es  l  la 
broche  par  un  mini-vibreur  type  BK  4810. 

-  force  nominate  :  7  N 

-  gamrne  de  frequence  :  20  -  18  kHz 

-  amplitude  de  deplacement  :  t  3  mm 
Le  synoptique  de  la  figure  8  resume  les  moyens  mis 

en  oeuvre  pour  Stocker  et  traiter  les  donnees. 

L'ensemble  des  signaux  deiivres  par  les  capteurs 
de  la  broche  et  des  vertebres  est  traite  en  temps  dif- 
fere  et  en  temps  r£el  : 

-  En  temps  diff£r£  aprJs  enregistrement  sur  deux 
unites  magn£tiques  : 

.  l'une  anal ogi que  (AMPEX  PR  2230) 

.  1' autre  numerique  connects  &  un  ordinateur 


Implantation  des  accelerometres  dans 
les  vertebres  lombaires  dans  1 'espace 
interaortocave. 
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Broche  munie  d'une 
t£te  d ' impedance 
destinee  a  £tre 
implantee  au  niveau 
du  sacrum . 


P(?t  AMPI  f  'C  a  T{  uS  2*2* 


Fig.  9  :  Mo  yens  mis  en  oeuvre 

PDP  11/34  plus  specialement  dastine  3  realiser  les  calculs  statistiques . 

-  Le  traitement  en  temps  reel  est  realise  par  un  Analyses  Spectral  Dynamic  360  bicanal  capable, 
en  outre,  d’afficher  sur  un  scope  la  valeur  do  la  fonction  de  coherence  des  signaux  recueillis. 

RESULTATS  : 


Les  resultats  analyses  dans  cette  etude  proviennent  de  trois  series  d ’experiences  pratiquees  sur 


tiois  primates  de  masse  resnective  assez  variable 


Fig.  ^  :  Animal  n  V.  Ld  rj.iiegrdphie  prise  en 
pt-r  op>.  i .itoiie  ntontre  Id  presence  de 
qu.ttie  j/cvlr'To.Ufirt-'i  sur  Ju  t’vlonne 

liU'U.titc  -  un  .i/ci'ii  sus  It * 

* i  e  t  lu  Vi  oche  i  ir.p  luntt  e  Jdfts  1  e 

sucrur.. 


.  Aninal  n°l  tr£s  robust*’  (environ  15  kg) 

.  Animal  n°2  environ  8  kg 
.  Animal  n°3  environ  l l  kg 

Apres  implantation  dcs  aecelSromdtres  et  de  la 
broche  les  animaux  sont  radiographies  (fig.  9). 

Les  percussions  realisent  des  chocs  dits  "durs" 
ou  "mous"  (fig.  10). 

-  Chocs  "durs”  :  acier-acier  de  spectre  3  peu 
pres  plat  entre  800  et  4  kHz. 

Ces  chocs  metalliques  sont  provoques  soit  3  l’aide 
d’un  morceau  de  metal  soit  h  l’aide  d’une  bille 
u’acier  qui  frappe  la  broche  apres  cheminement  sur 
un  plan  incline. 

-  Chocs  "mous"  :  elastomere-acier ,  dont  le 
spectre  d’excitation  presente  une  amplitude  maximale 
vers  1,3  kHz  et  decroissant  a*i  dels  (ref  0  llB-lC/Hz 
ou  IN/Hz)  . 

Les  vibrations  aleatoires  (pot  vibrant)  entrai- 
ne  sur  la  broche  une  densite  spectrale  recueillie 
sur  la  broche  est  representee  fig.  11  (ref  OdB*lC^/Hz) 

Les  informations  recueillies  sur  les  differents 
acrelerometres  (f i  g.  12)  tnvessiientun  premier  traite- 
ment  de  simplification  d ’acquisition  des  donn£es. 

-  Acgu^sit  i_on  des  donn£es  : 

Les  signaux  d‘ accelerometres  et  de  ia  force  (8 
voies  dans  une  bande  de  0  a  4000  Hz)  sont  enregis*- 
tres  3  grande  vitesse  sir  1 ’ em egistreur  magnetique 
d ’ instrumentation  (node  F.M.).  A  la  relecture  la 
vitesse  de  deroulement  est  divisee  par  64.  La  nouvel- 
le  bande  passante  des  signaux  destines  ^  etre  digi¬ 
talises  (12  bits)  **st  a’ois  compatible  avec  la  fre¬ 
quence  d’echanti llonnage  du  PDP  11/34  (2000  points 
par  seconde  par  voie) .  Les  ai>nnees  n.-merisees  sont 
stockees  sur  une  unit£  magnStiqu:  numerique. 

Parni  ces  signaux,  plusieurs  types  d’ anomalies 
peuvent  survenir  :  1 ’ app 1 icat ion  d’un  choc  trop  in¬ 
tense  sur  la  broche  provoque  une  saturation  de 
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Fig,  10 

SINGfc  3 


Fig,  1 J  :  Schema  relevo  a  part,  r  d'une 
racliogr  tphie  .  >r.  tiqure  sur 
1 '  anima l  n°  3 


DENSITE  SPECTRALE  DE  l  ACCELERATION  BROCHE  OdB  1g*/H* 
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Fig,  11 

1 'electronique  qui  provoque  la  decapitation  d'une 
portion  originelle  du  signal  ;  un  defaut  de  oande 
magnetique  peut  parfois  er  imnoser  pour  une  pseudo- 
impulsion.  Un  programme  informatique  permet  de  trier 
les  impulsion^  reconnues  correctes  sur  l'ensemble 
des  voies.  Chacune  d'entre  elles  est  transferee  en 
2048  points  sur  disque  dur. 

L'interct  essentiel  de  cette  methode  -  outre 
de  conserver  le  ’onnees  sous  leur  forme  analogique 
et  digitale  -  est  d'isoler  et  de  repertorier  chaque 
impulsion  pour  les  calculs  et  visualisation  ulte* 
rieure . 

-  Visualisation  : 

Pour  visual iser  un  signal  c chant i 1 lonn6  sans 
utilisation  d ’ interpolation  plus  ou  mo^ns  complexe 
il  faut  utiliser  une  frequence  d'echartillonnage  bien 
superieure  a  celle  preconisee  par  le  Theoreme  de 
Shannon.  Ainsi,  pour  obtenir  une  erreur  relative  sur 
1 'amplitude  inf£rieure  H  1  %  il  faut  une  frequence 
d'echantillonnape  superieure  S  22  fois  la  frequence 
de  coupure, 

Du  fait  de  la  lecture  a  vitesse  lentede Ifcnre- 
gistreur  magnetique  et  de  la  vitesse  d ' acquis  it  ion 
du  PDP,  c’est  en  fait  128000  points  qui  sont  acquis 
sur  une  seconde  du  signal  reel.  Ceci  justifie  1 'ab¬ 
sence  de  filtres  antirepliements  dans  le  traitement 
des  donnees.  II  s'agit,  bien  entendu,  d'une  consta- 
tation  experimental  car  il  est  clair  qu'en  toute 
rigueur  il  est  impossible  d 'echanti 1 lonner  un  transi- 
toire  dont  le  spectre  de  frequence  s'etend  h  1'infinL 

A  128  kHz  les  2000  points/voie  ont  £to  acquis 
en  16  ms,  ce  qui  est  largement  suffisant  vis  2  vis 
du  signal  temporel.  Au-delS  de  7  ms  aprds  le  choc, 
seul  le  bruit  est  enregistre.  Pour  1 ' accelerom£tre 
de  tete  cependant,  les  16  ms  sont  necessaires. 

Cette  appropriation  temporelle  permet  de 
ccnserver  la  tot^litt*  de  )’ information  "pertinente" 
contenue  dans  le  signal.  Le  triage  et  la  reduction 
des  signaux  3  16  ms  permet  de  faire  une  Sconomie 
notable  de  disque s. 

ANALYSE  SPECTRALE 


L'ensemble  des  spectres,  fonction  de  trans- 
fert  et  de  coherence,  est  )btenu  apres  calcul  par  1'analyseur  SD  360  command^  par  le  PDP.  Cependant,  en 
l'absence  d'acces  5  l'etage  post-convertisseur  de  l'analys“ur,  1 'acheminement  du  fichier  disque  se  fait 
apres  conversion  numei ique-analogique .  Si  cette  methode  n'ameliore  evidemment  pas  la  precision  du  traite¬ 
ment  (elle  oblige  les  experimentateurs  1  comparer  un  grand  norabre  de  signaux  traites  aux signaux  d'originc 
pour  affirmer  leur  ident:te)  elle  a  l'avantage  d'obtenir  au  neme  momen:  des  representations  du  signal 
dans  le  domaine  temporel  et  dans  le  domaine  fr^quenciel. 

L'analyse  est  fsite  par  calcul  d'une  Transformee  de  Fourier  rapide  (F.F.T.)  sur  i 02 A  points  du 
signal,  ce  qui  represente  une  periode  memoire  d'une  duroe  de  l 30  ms  i.e. 

.  frequence  d' analyse  :  4000  Hz 

.  frequence  d'£chantillonnage  4000.2,048  »  0192  Hz 

Soit  I  point  t. /cites  les  0,12  ms  environ. 

Soic  0,12  x  1024  *  130  ms  pour  remplir  une  memoire  d*entree  (periode  memoire). 
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Or,  nous  l'avons  vu,  16  ms  de  signal  contiennent  de  1  *  inf ormation.  II  faut  done  completer  les  114ms 
restants  par  des  signaux  d'amplitude  nulle.  En  fait,  on  complete  le  signal  par  une  succession  de  points 
d'amplitude  constante  correspondant  a  la  moyenne  des  valeurs  prises  par  le  signal  calculee  juste  avant 
le  debut  de  l1 impulsion.  Le  retrait  de  cette  composante  continue  constitue,  en  fait  et  numeriquernent ,  la 
compensation  d' off  set  inherent  H  toute  1 'electronique . 

LES  SIGNAUX  TEMPORELS  ; 

Un  exemple  des  reponses  enregistrees  sur  la  colonne  et  la  tete  est  represente  fig.  13.  Ils  ont  ete 
obtenus  sur  1* animal  n°  3.  Sur  les  8  voies  il  faut  lire  respectivement  de  bas  en  haut  : 

-  la  force  et  1'accelSration  de  la  broche  d'excitation 

-  les  accelerations  de  Sj,  Ly,  L^,  et 

-  en  haut,  1 ' acceleration  du  crane. 


Fig.  1  i  ;  Enreqist rement  du  signal  temporel  des  ondes  propagdes  dopuis  le  sacrum  Y t'' i  iusqu'A  la 
tete  y  Tete.  Les  deux  enregist rements  du  bas  son t  respectivement,  1 1  acceleration  et  la 
force  dt‘  l’excitation  sur  la  broche  d  ’ implantation. 

le  temps  total  de  visualisation  (abscisse)  de  1 Vnregist remen t  est  de  8000  raicrosecondes.  Sur  le 
montage  de  la  figure  13,  les  ordonnees  sont  normtfes  (l'amplitude  crete  du  signal  de  chaque  voie  occupe 
la  totality  de  la  dynamique  de  1 'enregistrement) .  Pour  une  force  appliqu$e  sur  la  broche  de  16,9  N, 
soumise  £  une  acceleration  de  17,7  G  crete,  les  maxi mas  des  reponses  vertebrates  et  de  la  Tete  sont 
respectivement  aux  signer  pri>s. 

S,  *  23  G  L?  =  12,7  G  l,  -  7 , 3  G  I.5  -  5,34  G  L4  *  4,13  C  Tete  *  0,07  G 

Cette  representation  donne  une  bonne  visualisation  du  retard  d'apparition  des  impulsions  sur  les 
differentes  vertebres. 

la  figure  14  visualise  mieux  1 ' amort i soement  de  a  colonne  lombaire.  Sur  ce  mcr.tage,  l'amplitude 
maxiraale  de  23,3  C  (Sj)  est  conserve  sur  1' ensemble  des  voies. 

En  pratique,  nous  sommes  limit£s  a  7  enregi strements  simultanes  ;  e'est  le  nombre  d 'ampl i f icateurs 
conditionneurs  que  nous  poss£dons.  Aussi  les  enregi fit rements  sont-ils  toujours  couples  deux  par  deux 
(fig.  15  choc  dur  -  fig.  16  choc  mou) . 

A  gauche  toutes  les  votes  sont  enregistrees  sauf  L5,  3  droite  tous  les  enrepictrements  sauf  la  Tete. 

N »us  semroes  tenus  2  cette  representation  (et  les  montages  des  figures  13  et  14  n'ont  qu'une  valeur 
demonstrative)  car  il  s'agit  forcement  de  deux  chocs  diffSrents  enregistres  apres  commutation  de  la  voie 
de  L5.  Par  consequent,  on  ne  saurait  af firmer,  d'une  part,  que  deux  chocs  cons£cutifs  sont  parfaitement 
identiques  en  amplitude  et  en  frequence  et,  d'autre  part,  la  representation  parfaitement  synchrone  de 
1* ensemble  des  enregi  st  rements  sur  le  papier  ne  peut  etre  que  subjective  vi  s  vis  dc  l'origine  des  temps. 

Dans  le  choc  mou  (fig.  16)  le  deuxi£me  accident  en  fin  d'enregistrement  (environ  7000  mi crosecondes) 


ne  constitue  pas  une  onde  de  reflexion  mais  s implement  une  deuxieme  excitation  (un  rebond)  qui  est 
experimentalement  tres  difficile  a  eliminer. 


6-9 


CHOC  MOU  2/12/81 


Fig.  16 

LES  FONCTIONS  DE  TRANSFERT  : 

La  figure  !7  est  un  exemple  d 'enregistrement  de  la  fonction  de  Transfert  calculee  entre  les  accele¬ 
rations  de  la  sixieme  et  la  septieme  vertebre  lombaire. 


FONCTION 


coherence 


PRIMATE  3 


PHASE  90’ 


FONCT  ION 


TRANSFERT 


MODULE 


20  dB 


Kamenees  en  abscisse  a  une  bande  d' analyse  de  0  -  4000  Hz  on  lit  en  bas  les  variations  du  module  en  dB 
(ndB  *  20  logf'h  jfl  7) ,  au  centre  les  variations  de  la  phase  en  degres,  eri  haut  la  valeur  de  la  fonction 
de  coherence  qui  temoigne  de  I'existence  d‘une  bonne  relation  line^ire  entre  les  signaux  emis  par  L7  et 
ceux  r^ijus  par  L^.  Sa  vcriabilite  entre  0  et  1  est  egalement  en  relation  avec  la  valeur  du  rapport 
signal  sur  bruir.  Ainsi  l'£nergie  contenue  dans  les  basses  frequences  etant  tres  faible  la  valeur  de  la 
fonction  de  coherence  devient  tr£s  faible  en-dessous  de  200  Hz. 

Les  figures  18  (a,  b,  c,  d,  e  et  f)  comparent  les  differences  fonctions  de  transfert  en  fonction  des 
chocs.  Dans  cette  representation  ont  et$  compares  les  portions  d 'enregi st rements  dans  lesquelles  les 
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MASSE  DYNAMIQUE 
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Fig.  19 


La  figure  19  est  1 'enregistrement  des  differen- 
tes  masses  dynamiques  (ou  effectives)  de  la 
broche.  A  une  integration  pres  elles  ont  valeurs 
d ’impedance  d* entree  du  systeme  -  colonne  osseuse- 
rouscle  -  ligaments.  Le  module  en  bas  est  donne  en 
kilogramme,  la  phase  (en  haut)  en  degre. 

Enfin,  une  autre  representation  des  fonctions 
de  transfert  est  donnee  apres  somraation  des  diffe¬ 
rent  s  segments  vertebraux.  Pour  une  excitation 
aleatoire  de  la  broche,  on  peut  constater  (fig. 20a) 
que  l'adjonction  d’une  unite  vertebrale  complemen- 
taire  provoque  une  amelioration  du  caractere 
passe-bas  du  systeme. 

La  fig.  20b  est  la  representation  en  phase  de 
ces  fonctions  de  transfert. 

ANALYSE^-  DISCUSSION  : 

1)  Linearite  : 

Un  test  de  linearite  est  generalement  realise 
a  l1  aide  d'une  excitation  sinusoi’dale.  La  mesure 
de  la  distorsion  harmonique  de  la  reponse  du 
systeme  teste  est  effectuee  pour  des  niveaux 
d’excitation  croissants.  II  est  clair  que  le 
signal  d’excitation  doit  etre  tres  pur  et  en  tout 
cas  sa  distorsion  harmonique  propre  doit  etre 
infiniment  plus  faible  que  celle  qui  sera  inhe- 
rente  au  systeme  test£.  Ce  qui  n’est  pas  le  cas 
dans  notre  experience  ;  en  effet,  l'excitateur 
(pour  des  raisons  de  maniabilite)  est  un  mini 
pot  vibrant  electrodynamique  aux  performances 
n£cessairement  limitees  en  force  maximale  et  en 
distorsion . 


I  Aussi  la  linSaritS  a-t-elle  £t£  testae  selon  trois  modalites  : 

-  Calcul  du  taux  de  distorsion 

-  Etude  de  la  proportionnalite  entre  les  cotnposantes  spectrales  de  1 'excitation  et  de  la  reponse 

-  Exaoen  des  variations  des  fonctions  de  transfert  avec  les  divers  types  d'excitations  utilises. 


FONCTION  DE  TRANSFERT  Acc  F; /Acc BROCHE 


Fig.  20b 

a)  Distorsion  harmonique  : 

Le  tableau  1  represente  la  distorsion  de  chaque  echelon  vertebral  pour  des  accelerations  croissants 
au  niveau  de  la  broche.  Ces  accelerations  sont  celles  de  la  broche  donn^es  en  C  efficace  3  la  frequence 
fondamentale  de  l ' excitation  ici  832  Hz. 


:  Acceleration  Broche 

:  C  e  f  f . 

: Distorsion 
:en  1 

1,213 

2,392 

3,458 

Animal  n° 

4,558 

2 

5,805 

6,009 

' Broche 

0,97 

1,58 

2,06 

2,65 

2,42 

X 

;si 

5,23 

9,06 

12,63 

15,44 

14,35 

X 

0,89 

1,37 

1 ,66 

1  ,91 

1,90 

X 

'M 

0,59 

1,2! 

1,70 

1  ,92 

1,88 

X 

;l4 

0,97 

1,76 

2,49 

2,89 

3,06 

X 

*  Tete 

X 

X 

X 

X 

0,24 

X 

Les  cases  du  tableau  rerap1 ies  par  des  croix  correspondent  3  des  niveaux  soit  trop  faibles  pour 
etrc  me sure s,  soit  trop  eleves  pour  etre  atteints  dans  ies  conditions  de  1 'experience. 

D'une  fat; on  tr£s  generale,  il  convient  d'etre  extremenent  prudent  dans  1 'analyse  de  ces  donnees. 
Kemarquons  d'emblee  que  la  distorsion  harmonique  du  signal  de  la  Tete  est  bien  inf£rieure  a  celle  du 
signal  d'excitation  (0,24  au  lieu  de  2,42  Z) .  L'expiicaticr.  en  est  simple  :  la  fonction  de  transfert 
Tete  -  (fig.  18)  caleul?e  chez  1' animal  n°  3  montre  un  module  eonstamment  decroissant  et  de  fa<;on 
rapid?  vers  les  haute::  frequences.  l.e#  harmoniques  de  distorsion  ?1  1 6(X)  Hz,  2400  Hz,  etc...  sont  done 
tres  fillres  et,  par  consequent,  abaissentla  distorsion  en-dessous  de  celle  de  1 'excitation. 

Cresl  le  phenomone  inverse  que  l'on  constate  lors  de  1'examen  de  la  distorsion  calculee  sur  le 
signal  d£Iivre  par  1 ' accel erometre  fixe  sur  le  sacrum.  La  distorsion  harmonique  y  est  beaucoup  plus 
el^vet*  que  celle  de  1 'excitation  (15,44  Z  e:  2,65  Z  respect ivement  3  4,5  G  eff.).  Fn  examinant  la  fonc¬ 
tion  de  transfert  S j /  yororhe,  on  constate  que  pour  un  fondamental  a  800  Hz  attenue  3  -  ?  dB  les 
harmoniques  Je  rang  2  et  J  sont  cons iderablement  amplifies  (♦  10  dB).  Des  lors,  une  faible  augmentation 
des  harmoniques  de  1 '  **xc  i  tat  ion  (iiee  aux  non  linSarites  du  pot  vibrant)  se  traduit  par  une  tres  forte 
augmentation  des  harmoniques  de  la  reponse,  meme  si  le  s/steme  vertebral  considere  est  lineaire, 

b)  Proport ionnal ite  entree-sortie  : 

L'£tude  est  conduite  en  mesurant  1 'amplitude  de  la  frequence  fendamentale  et  des  harmoniques  de 
rang  2  et  3  de  1 'excitation  (broche)  et  des  accelerations  vertebrales.  Les  graphiques  de  la  figure  21 
interessent  les  resultats  obtenus  sur  ie  fondamental  et  sur  lesquels  il  faut  lire  en  abscisses  les 


( 
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accelerations  imposees  a  la  broche  et  en  ordonnees  les  accelerations  vertebrales  (  a  cliaque  colonne  il 
correspond  une  frequence  fondamentale  respec tivement  :  416,  832,  1660,  3320  et  4520. 

La  droite  tracee  est  celle  obtenue  apres  approximation  des  moindres  carres,  Les  coefficients  de 
correlation  en  rapport  avec  ces  droites  sont  donnees  sur  le  tableau  2, 

Fig .  22 


< 
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Sur  le  tableau  le  chiffre  place  en  haul  et  a  droite  de  chaque  coefficient  indique  \c  nombro  dc 
points  de  mesurt-  d 'ac et* lerat  ion  qui  ont  e t e  retenus  pour  le  calcul  jusqu'a  la  valeur  limite  maximale 
tndiquee  dans  la  derniere  colonne  de  droite,  Ainsi  pour  une  acceleration  dont  la  frequence  fond  inentale 
se  trouve  k  wife  Hz,  4  points  ont  pu  etre  re  1  eve s  jusqu'A  une  amplitude  max.  d 'acce lerat ion  sur  la  broche 
de  2,448  G.  Cette  valeur  dans  les  basses  frequences  reste  faible  car  la  force  maximale  delivree  par  le 
pot  vibrant  est  d'une  dizaine  de  Nevtons.  tn  basae  frequence  -  208  Hz  -  le  pot  vibrant  excite  direete- 
nent  !' ensemble  de  la  colonne  vertebrale  et  des  masses  musculaire*  co rrespondant e s .  C'est  done  bien  la 
force  qui  limite  1 ’etude  (acceleration  maximale  atteinte  0,23b  G),  Dans  de  telles  conditions  experimen- 
tales  il  n'est  pas  douteux  que  la  valeur  des  coefficients  de  correlation  qui  diminue  aux  environs  de 
0,70  soil  liee  a  un  mauva i h  rapport  signal  sur  bruit.  Far  conlre,  des  que  la  frequence  s'e.eve,  la  masse 
dynamique  mesuree  iu  niveau  de  1 'entree  (broche)  diminue.  A  400  Hz,  elle  ne  va  plus  que  (>,3  Lg ,  te  qui 
permet  d'atteindre  une  acceleration  (»  »  F/m  -  10/0,3)  environ  egale  A  3  C. 

Des  lors  a  l'examen  de  ce  tableau,  la  linearite  est  bonne  ebaque  f e> i s  que  ia  mes.ue  presente  un  bon 
rapport  signal  sur  bruit,  c'est-A-dire  dans  toui.es  les  frequences  super  ieures  A  208  H ;  .  A  1’  ex  :  remite 
iiiferieure  droite  du  tableau  (coefficient  de  correlation  Tete-broche  A  tres  haute  frequence)  cm  constate 
1 'absence  de  valeurs  en  relation  avec  1 'absence  de  raesure  possible.  DejA  la  correlation  entre  1-  et  la 
broche  a  4320  Hz  preser.tait  une  valeur  bassc  voistne  de  0,74  ealculee  seulement  sur  trois  valeurs.  Or.  le 
niveau  maximum  d ' acce lerat ion  appl  .que  A  la  broche  est  eleve  8  C. 

A  cette  frequence,  ia  colonne  vertebrale  joue  parfaitement  son  role  de  filtre  passe-bas  (cf. fig. 21a) 
et  le  signal  delivre  par  1 'accelcroiretre  fixe  sur  le  crane  devient  exttemement  faible.  C'est  encore  un 
mauvais  rapport  signal  sur  bruit  qui  est  la  cause  d'une  mauvaise  correlation  entre  les  entrees  et  le 
sort  ies . 

Les  tableaux  3  et  4  concernent  les  coefficients  de  correlation  cbtenus  entre  les  entrees  et  reponses 
examinees  cette  fois  sur  les  harmoniques  2  et  j. 

Les  remarquts  pr£c£dentes  s'appliquent  A  ces  resultats.  Les  correlations  sont  excellentes  chaque 


t 


l 

K 


» 

fois  que  la  mesure  a  pu  etre  effectuee  dans  de  bon.  es  conditions  (jusqu'a  1600  Hz  pour  l'harmomque  de 
rang  2  et  800  Hz  pour  l'harmonique  de  rang  3  -  la  correlation  unitaire  de  L^/Broche  S  4520  Hz  pour 
L^/Broche  n'a  evidemment  aucune  valeur  puisqu'elle  est  calculee  sur  2  points). 


Frequence 

IS1  / 

IL6  / 

1 L5  /  IL4  /  ITete/  1 

Niveau 

Fondamental 

1  / 

1  / 

1  /  1  /  1  /  1 

Broche 

<en  Hz) 

1  /Brochel  /Brochcl  /Brochcl  /Brochel  /Brochel 

Max  <9) 

|  / 

1  r- 

1  /  1  /  1  /  1 

Fondamen. 

i 

;  4  i 

:  4  i  !4I  !4  1  !  4 ! 

208.0 

’10.73579 

1 

-10.82046 

1 

-10.81553  -10.80962  -10.66972  -1 

1  1  1  1 

0.256 

1 

•41 

!4I  (41  >  4 1  ! 4 1 

416.0 

10.99735 

1 

-10.99897 

1 

-10.99697  -10.99417  -10.99988  -1 

1  1  1  1 

2.448 

1 

!  5 1 

•SI  !5 1  !  5 1  ! 5 1 

832.0 

10.99963 

1 

-10.99941 

1 

-10.99904  -10.99901  -10.99933  -1 

1  1  1  1 

5.805 

1 

■51 

•51  (51  151  >51 

1660.0 

10.99866 

1 

-10.99921 

1 

-10.99976  -10.99992  -10.99960  -1 

1  1  1  1 

6.009 

1 

>61 

!  6 1  ! 6 1  ! 6 1  >01 

3320.0 

10.99841 

1 

-10.99980 

1 

-10.99945  -10.99944  -It******  -1 

1  1  1  1 

7.224 

1 

!  6  1 

•61  !  6 1  !  31  >01 

4520.0 

10.99791 

1 

-10.99639 

1 

-10.99755  -18.74311  -It******  -1 
till 

8.813 

Coefficient  de  correlation  entre  let  amplitudes  du  FONDAMENTAL 
de  1 'excitation  et  de  la  reponse  vertebrale  .  Date  :  82-N0U-81 

Tableau  2 


Coefficient  de  correlation  antra  las  amplitudes  de  1 'HARH0N1QUE  2 
de  1 'excitation  et  da  la  reponse  vertebrale  .  Date  :  02-NOU-81 


Frequence 
Fondamcntal 
<en  Hz) 


288.0 


416.0 


832.8 


1660.0 


3320.0 


4520.0 


SI  /  IL6  /  IL5  /  IL4  /  ITete/ 

/  I  /  I  /  I  /  I  / 

/Brochel  /Brochel  /Brochel  /Brochel  /Broche 
/  I  /  I  /  I  /  I  / 


I- 


I- 


-I- 


I- 


!2I  ! 3 •  121  ! 21  !3 

1.00000  -10.99853  -11.00000  -11.00000  -10.91200  - 
l  I  I  I 


I- 


I- 


I- 


I- 


>41  ! 4 1  ! 4 1  ! 4 1  !3 

0.99964  -10.99856  -10.99931  -10.99785  -10.9997?  - 
I  I  I  I 


■I- 


■I- 


I- 


I- 


! 4  I  (51  ! 4 1  ! 5 1  !0 

0.99914  -10.99141  -10.99936  -10.99727  -ItmtSS  - 
I  I  I  I 


■I- 


I- 


-  I- 


I- 


•  41  •  31  i::i  >2i  >0 

0.99166  -10.98903  -10.96032  -11.00000  -imtSSS  - 
I  I  I  I 


•I- 


I- 


I- 


I- 


>51  >01  ! 0 1  ! 0 1  ! 0 

0.99527  -Ittmt*  - 1  ttttttt  -\ttttttt  -It******  - 

I  I  I  I 


I- 


I- 


I- 


■I- 


! 5 1  • 0 1  (31  >01  ! 0 

0.91423  -It******  -10.95946  -Ittttttt  -It******  - 
I  I  I  I 


Nivecu 

Broche 

Max  (f) 
Harmon.  2 


0.829 


0.153 


0.126 


0.116 


0.201 


0.019 


t 
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Coefficient  de  correlation  tntrt  Its  anplitude*  d«  1'HflRMONIQUE  3 
dc  1 'excitation  at  de  la  reponsc  vertebrale  .  Date  :  02-NOU-81 


I  Frequence  IS1  /  IL6  /  IL3  /  IL4  /  ITete/  I  Niveau  I 

IFondawental I  /  \  /  I  /  I  /  I  /  I  8rochc  I 

I  <en  Hz)  I  /8rochel  /Brochel  <'8rochel  /Brochel  /Brochel  Max  <9)  I 

I  I  '  I  /  I  '  \  /  I  /  I  Hannon.  31 


I  !  4 1  !  4 1  !  4 1  !  4 1  !  4 1  I 

208.8  10.99694  -10.99768  -10.99804  -10. 99851  -10.99689  -I  1.857  I 


416.0 

!3I 

11.00000  -11.00000 
1  1 

•31 

-10.99992 

1 

—  1 - 

131 

-10.99998 

1 

!  3 1 

-10.99928 

1 

>31 

1 

4.353 

832.0 

1  !  5 1 

I0.98532  -10.96084 
!  1 

!5I 

-10.97935 

1 

'51 

-10.99459 

1 

'31 

-imttu 

1 

'0 

0.063 

"  1  —  —  —  |  • 

1  !  4 1 

!  2 1 

'01 

'01 

TeT" 

1660.0 

10.31994  -0. 00800 

-istsms 

1 

-imm* 

1 

-mom 

1 

1 

0.069 

i  !  6  i 

>4! 

1 5 1 

'01 

!  5 1 

3320.0 

10.09976  -10.36994 
1  1 

-10.02322 

-immi 

1 

-18.16739 

1 

1 

0.021 

4520.0  10.69823  -10.67163  -10.81031  -ll.«0000  -10.98952  -I  0.048  I 


c)  Variations  des  f one t ions  de  transfer!  oh tenues  nvoc  divers  types  d' excitation  : 

La  font*  Lion  de  transfort  d’un  svstmc  lineaire  doit  otre  indepondanto  de  l '  oxc  it  at  ion  utilisce, 
pu  i  hc|u  *  el  le  caracteri.se  ronp  let  omen  t  1c  svsteme.  Faire  varier  le  type  d'excitation  est  <um;  un 
autre  roovett  de  tester  la  lindarite.  C'ost  ainsi  rue  nous  ivons  superpose  les  fonetions  di  transfer! 
ohtonues  nvee  des  chocs  ditrs  (aeier  centre  acicr),  nous  (.icier  centre  elastomer**) .  !.s  resultats 
presentes  portent  ebanue  fois  sur  une  novenne  de  A  inpulsions  cboisies  pour  lour  : essemb 1  ante ,  en 
forme  et  en  amplitude.  I.es  eourbes  n'ont  etc  traci.es  nue  dans  le  dona  i  no  de  frequence  of:  les  valours 
des  functions  de  coherence  son*  super i euros  il  (>,97.  J’;  l’on  constate  une  bonne  superposition  des 
1  our  be:.  I  ol  1  c  t  / 1*^  1  **  1  a  1  ^  k  t  ^  1  ^  1  lii'u  u :  *  v.1  ••  u  r  -*7  ■  ^i*  ^ 

resultats  oblonus  sur  Sj  an  moyen  des  hi  lies  sont  surprenants .  Y|.  7 /JfS|i*arai  t  ddcale  d*  environ  3  dB, 
ce  qui  pent  faire  suspecter  une  err cur  de  calibration,  toujours  possible  malpre  les  multiples 
verifications  des  divers  eonnutatours ,  tout  au  Ion*  de  la  manipulation.  (Ypondunt ,  l’examen  des 
eourbes  de  phase  nont re  une  alteratiir  identiouc,  ce  qui  semble  eliminer  une  erreur  mater  id  1 e. 

<>110 i qu *  i  1  en  suit  au  niveau  de  la  charniere  lonbo-.saeree  les  eourbes  so  superposent  plus  on  tnoins. 
Oue  faut-il  deduire  en  rut  lire  de  liinarite  ? 

II  scnble  bien  quo  I'on  puissc  affirner  quo  dans  la  bande  A 00  a  A 000  Hz,  la  coloitne  vertebrale 
( intepra lenient  issoeieo  so«i  svsteme  musculo-  1  ipanentai  re  ,  nornalenent  vascular  i. see)  ctudiee  en 
r-’pime  impulsionnel  a  un  comport  omen t  lineaire.  (Vo  i  complete  et  confirme  les  resultats  oblonus 
tinted curemi  lit  dans  la  bande  S  -  100  Hz  etudies  en  regime  vibratoire. 

11  n'en  va  pas  de  pome  en  ce  qui  cone  erne  les  functions  de  transfort  de  1. 7  /  S  j  et  S|/Broolie.  A  ce 
propos,  il  convient  de  renarquer  qu'il  taut  stirtir  l'etude  du  sacrum  de  I'.inalvse  vertebrjle  car 
ana  tomiqu  erne  nt ,  la  vertebre  sneree  esr  bien  rel  ice  a  la  derniere  lonbaire,  ma  i  s  cg.ilemcnt  aux  4>s 
iliaques  et  d'utie  fa^on  eener.il  e  a  I . eiuture  pelvieime  pfiteuse  des  mombres  inferleurs. 

d )  Methodc  d* an.iiv.se  :  1 «-  r  consider*'  cormie  un  vuide  d^o tides 

La  propagation  d'une  sol  I  ic  i  t  at  ion  dvnanique  est  *tudi«e  'un  bout  a  1'. nitre  du  racliis,  4  *  est- 
a  -diro  de  Sj  a  la  tote.  loutefois,  on  n*.t  pu  i  11  s',  rumen  l  er  an  sta,  4  .■>  tuel  que  le  niveau  lomhair* 

(1.^  u  S  | )  et  la  tote  a  1 'autre  0x1  r*:".ii  to .  I’ne  txtensior  des  mesures  .»  des  niveaax  vertebraux 
in*’  iliaires  est  en  projet  . 

.  n  pustule,  .1  pr  i 1  V  i ,  on 'out  re  le  h.issin  et  la  tele,  le  rachis  .  »>raplel  (vertebres  -  disques  - 
ii laments  -  nu-s. les)  const ii  le  un  milieu  doit  les  e.»i  ac  t  er  i  st  iqu»*s  *volu*r»l  sn !  M  s  arum*  11 1  propressi- 
v.-mciu  pour  C4nstituer  yloh.i !  ement  un  >*uide  d'ondes  Pecan  i  que  s  continn.  1  *■  pu ;  de  s’*uvr*-  ..  chao.ue 
**:tr»riit*  sur  des  impedance*  intiemni  d  i  ftereni  es .  la  t*te  et  le  bjs-.in  1  iwtnem  .  On  ip.no  re 

•  alont.ii  reraent  les  pr«  •  a.at  ions  parallel***  possibles  par  1  *  eusei;:l>  1 .  des  vi scores  (cav  it*\s  ibdomi- 
‘Uli  e  t  t  liorac  i(pies)  eii  m'  }  ir.it. ml  a  des  *\c  i  l  at  i  or.s  direetes  da  r.tchis  m»u  suscepi  ibles  d*.ippi«>- 
prier  ies  deruiires.  On  pi»slt:le  ail*,  si  cue  la  perturb.lt  ietl  pr«>V4*t  Ui  «  par  l'.lllaclie  des  ..‘les  4-1  des 
eiisem.bli  s  t»n>p  la!  es-r  enures  -.uiirieurs  n'est  plus  r;  ept  i  h  1  e  aux  !r»  nn-iu  i-n  ^  oils  id*  ree:.  d.in» 
l'etude  actiulle,  il-  d  i  I  J «  1  eti*  s  lUtneiils  etant  ••'eeaniqu*  anent  deeou'*l*’s  au-del.’l  d*  llH»  j  JOO  1  /  .  I  « 
s*  lu  t'u  du  si  s  l  *’“•*■  *  tii' it  se  ramein*  j|i>rs  A  l.«  »ie.  J  J . 
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Le  comportement  d’un  tel  guide  d'onde  esl  facile  a 
prevoir  pour  un  milieu  Clast ique  homogene  comme, 
par  exemple,  un  barreau  d'acier  dans  l'air  :  en 
appliquant  un  choc  bref  (relat ivement  au  tenps  de 
propagation  dans  le  barreau)  a  une  de  ses  extre- 
mites,  on  voit  (au  moyen  de  capteurs  disposes 
tout  au  long)  se  propager  cet  ebranlement  de  plu- 
sieurs  fa^ons  (cf.  fig.  23)  : 

-  a  vitesse  elevee  et  sans  deformation  du 
signal  sinon  une  infime  attenuation  :  onde  de 
compression  a  5000  m/s  (et  eventuel lement  une  onde 
de  torsion  a  3300  ro/s  sous  reserve  qu’elle  soit 
appropriee  par  le  choc  excitateur) 

-  a  vitesse  plus  lento  et  avec  deformation  pro¬ 
gressive  de  la  forrae  du  si *nal  :  onde  de  flexion. 

La  vitesse  de  propagation  du  maximum  de  l’en- 
veloppe  d’amplitude  du  signal  correspond  assez 
bien  a  la  vitesse  de  groupe.  Kile  depend  a  priori 
du  spectre  du  signal  excitateur.  File  est  diffe- 
rente  (proclu*  du  double  au  centre  de  la  bande  dans 
cet  exemple)  de  la  vitesse  de  phase  du  signal,  qui 
ne  peut  se  definir  que  frequence  S  frequence  en 
resolvant  I'equation  de  propagation,  et  mesurer  en 
excitant  par  exemple  le  barreau  en  frequence  pure 
ent  retenue. 

I.orsque  1 ' onde  la  plus  rapide  (compression) 
arrive  a  la  discontinuity*  d’ impedance  terminale, 
elle  est  pour  une  part  appreciable,  reflechie  en 
sens  inverse  tant  sous  la  meme  forrae  (onde  de  com¬ 
pression  inverse)  que  sous  la  forme  d’ondes  plus 


Enemple  idtal  PROPAGATION  HF  DANS  UNE  BARRE  LONGUE. 
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lentes  si  les  diverses  ondes  sont  couplees  a  i' interface. 

Lorsque  ces  ondes  inverses  rencontrent  les  ondes  directes  on  n'observe  plus  que  le  resultat  des 
interferences . 

On  voit  alors  dans  notre  schematisat ion  du  rachis  que  deux  cas  tres  differents  sont  possibles 
(cf.  fig.  24)  : 

-  le  milieu  est  peu  amorti  et  les  reflexions  aux  extremites  fortes  :  le  systeme  stationnaire 
qui  s’etablit  se  traduit  par  une  situation  dorainee  par  1'existenc.e  de  modes  propres  a  des  frequences 
discretes,  qui  occasionnent  un  renforcement  considerable  de  la  reponse  du  systeme  a  une  excitation 
quelconque  sur  ces  frequences  singulieres.  C'est  typiquement  le  cas  du  barreau  acier  presente  en 
exemple . 

-  le  milieu  est  nettement  amorti  et  les  ondes  reflechies  ont  rapidement  une  amplitude  negligea- 
ble  par  rapport  aux  ondes  directes  :  1 ' interference  est  negligeable  et  le  milieu  ne  presente  que 
des  propagations  directes  comme  s’il  s'etendait  jusqu'a  1' inf  ini.  11  n'v  a  alors  aucune  singularite 
particuliere  relativement  au  domaine  des  frequences. 

On  verra  plus  loin  que  les  rachis  etudies  se  rapportent  typiquement  a  cette  situation. 


0 


.AMORTISSEMENT  FAIBLE. 
CAS  no  l  | 

*  REFLEXIONS  FORTES 
►  REGIMES  MODAUX. 


SYSTEME  IDEALISE 

SITUATIONS  EXTREMES. 


CAS  no  2  AMORTISSEMENT  FORT. 

►  REFLEXIONS  ATTENUEES 

INTERFERENCES  NEGLIGEABLES 
PAS  DE  MODES 


O  1.* acres  au  raclns  :  comport ement  et  ancrage  l.i  hrmlie 
l.a)  Ondes  impliqnces  dans  la  b roe he 

l.a  broclte  utilisee  (1  *  0,18  m,  l  -  0,<M>8  m,  ac:er  inoA)  correspond  deja  en  ell  e-menu*  a 
un  guide  tl'onde. 

l.'enregistt  ement  du  signal  d*  jccelerat  ion  sur  '  a  hrorlie  montre  que  dans  !  e  cas  d'un  i  Inn  bret  , 
on  excite  tres  lettcnvent  un  mode  de  resonance  de  1;  hr  or  he  a  14,0  k  M  ^ .  qui  est  typiquement  la  reso¬ 
nance  en  1/2  otide  en  compression.  Aucune  mesure  ne  tait,  pa**  *  out  re,  appnr.utre  de  resonance  percep¬ 
tible  a  des  tree  lienees  interieures  :  les  ru  des  de  flexion  ne  sont  done  appropries  ni  par  les  excit.l- 
t  ions  trees,  ni  par  la  disposition  et  1 'oriel  tat  ion  du  eapteur.  (hi  en  conclut  que  pour  sa  plus 
grande  part  lVnergie  injectee  au  sit)ge  est  porter  par  line  ond»  de  compression  de  1  a  broc  le,  ee  uu  i 
pt-rmet  de  cimnaitre  pr«”c  1st ment  1' instant  d'appl  ii  at  ion  du  choc  sur  Sj. 
l.b)  Qua  life  de  1 'ancrage  Brovlu— Sj  : 

1  'allure  de  la  courbe  de  masse  apparent  e  au  droit  de  la  broche  (cl.  tig.  I'M  laisse  crair.- 
dre  a  priori  une  pertr  dt  raideur  de  1  ’ancrage  des  l  ,  S  kHz  puisqu'on  ne  mesure  plus  qu'une  masse  de 
l 'ordre  de  telle  de  la  broche  settle,  l.a  mesure  sur  la  hrocht  n*.*  serait  plus  alors  representative  du 
signal  el  t  ei  t  i  veuieiit  transn'is  sur  Sj. 

M.i  i  s  tut  constate  s  inti  1 1  anemenl  que  la  t  one  t  ion  de  tran.stert  a  cc«‘li  rat  ion  1. 7  /  acce  Id  rat  i  or  broche 
reste  constaute  prat  i quement  jusqu'a  4  kHz  (ct.  :  cvi  i  Mill  it  a  ;*r  euver  que  le  lien 


Broche  -  Sj  -  Ly  reste  rigide  jusqu'a  ces  frequences  mais  que,  compte  tenu  de  la  faible  masse  de 
ces  pieces  anatomiques,  inferieure  a  la  precision  absolue  de  la  courbe  de  masse  apparente,  elles 
n’y  sont  pas  perceptibles  a  priori. 


A)  Exari!en_des_enreg istr ement s_d i rec t s_des_signaux1_V i t esses_de 
groune  : 

L'examen  des  donnees  sous  la  forme  des  courbes  presentees  aux 
figures  13  a  16  permet  d*etablir  les  resultats  suivants  relative- 
ment  au  module  du  barreau  (cf.  fig. 23) 

-  on  n'enregistre  qu'une  seule  onde  et  dans  le  seul  sens 
direct. 

-  cecie  onae  se  moaitie  au  cours  de  la  propagation  (ecaiement 
croissant  des  signaux)  :  le  milieu  est  done  nettement  dispersif. 

-  on  peut  proc#der  au  ealcul  d'une  vitesse  de  groupe,  connais 
sant  par  ailleurs  la  distance  effective  entre  capteurs. 

La  determination  de  l'enveloppe  des  signaux  etant  en  soi 
imprecise,  et  ne  pouvant  etre  amelior£e  faute  de  relevfs  experimen 
taux  directs  d'une  grandeur  er.ergetique  (forces  ou  contraintes 
£tant  trop  difficiles  &  mesurer  "in  vivo",  on  ne  dispose  que  des 
accelerations),  on  ne  propose  ici  que  des  estimations  grossi$res 
qui  seront  affinees  par  Sexploitation  d'un  plus  grand  nombre 
d * exp£ r iences  : 


.  singe  1 

:  230  m/s  <  V 

<  325  m/s 

Kpe 

.  singe  2 

:  180  ra/s  <  V 

<  220  m/s 

8P* 

.  singe  3 

:  250  m/s  <  V 

<  400  m/s 

KP«? 

La  limite 

haute  correspond 

h  chaque  fois  a  un  trajet  complet 

jusqu'a  la  tete. 

Dans  le  cas  du  singe  I,  on  a  observl  entre  L^  et  Lj  une 
vitesse  de  groupe  de  1500  o/s.  On  rappelle  que  !.e  singe  I  est  le 
plus  robuste  (15  kg). 

5)  Lxa»en_des_f one t iona_de_t rans f ert  : 

L'examen  des  fig.  20a  et  20b,  en  particulier,  et  18a  h  I8f, 
permet  de  remonter  3  deux  informations  essentielles  : 

-  1 'attenuat ion  des  Echelons  vert£braux  successifs  ou  cumulus 
en  fonction  de  la  frequence  ; 
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-  la  vitesse  de  phase  de  la  propagation,  par  comparaison  frequence  a  frequence  entre  le  depha- 
sage  des  signaux  et  la  distance  parcourue  (dans  le  cas  de  capteurs  distants,  cela  suppose  des 
mesures  assez  precises  vers  les  basses  frequences  pour  eliminer  toute  incertitude  de  2tt  sur 

1 'angle  total  de  rotation  de  phase). 

Resultats  : 

5. a)  Attenuations  : 

On  a  dejS  releve  le  caractere  passe-bas  carac terist ique  des  differents  echelons  vertebraux,  la 
frequence  de  coupure  etant  plus  ou  moins  nette  selon  lf animal  etudie.  Dans  tous  les  cas  il  est 
caracter istique  que  cette  frequence  de  coupure  s'abaisse  quand  on  s'eleve  dans  le  rachis  :  2,8  kHz 
pour  Lfc,  2, A  kHz  pour  L5,  ! ,9  kHz  pour  L4  dans  le  cas  du  singe  3. 

En-dega  de  ces  frequences  il  n'y  a  pratiquement  ni  attenuation  ni  amplification  des  solicita¬ 
tions,  alors  qu'au-dela  1 'attenuation  est  tres  rapide  (superieure  a  20  dB/octave). 

5.b)  Vitesses  de  phase  : 

L5  encore  la  precision  des  determinations  obtenues  est  limitee  par  le  nomhre  insuffisant  de 
mesures  dont  on  dispose  &  l'heure  actuelle. 

Les  seuls  elements  certains  pour  1* instant  sont  les  suivants  : 

-  sur  1* ensemble  de  la  gamme  de  frequences,  la  vitesse  de  phase  mesuree  est  comprise  entre 
200  m/s  et  400  m/s  pour  des  frequences  entre  300  Hz  et  4  kHz. 

-  plus  pr^cisement,  elle  serait  tres  proche  de  400  m/s  jusqu'aux  environs  de  la 'frequence  de 
coupure"  des  echelons  vertebraux  (cf.  ci-dessus)  ot  iecroitrait  alors  sensiblement  jusqu'a  200  m/s 
vers  3  a  4  kHz. 

-  la  mesure  globale  entre  broche  et  tete  fournit  une  courbe  de  la  vitesse  de  phase  de  1' ensemble 
du  rachis  qui  est  d'abord  croissante  de  200  &  400  m/s  entre  100  et  800  Hz,  tres  proche  de  400  m/s 
entre  800  et  1400  Hz,  decroissante  de  400  1  200  m/s  entre  1400  et  2800  Hz  dans  le  cas  du  singe  3. 

I.es  mesures  sur  le  singe  I  ne  sont  disponibles  que  jusqu'ii  1200  Hz.  Elies  suivent  la  meme 
tendance  avec  des  valeurs  legerement  inferieures,  de  !60  2  350  m/s  environ. 

6)  Cas_gart icul ier_£_c inemat igue_de_S 1 

Cette  vertfebre  Sj  n’a  ete  equipee  d'un  accelerometre  sur  sa  face  anterieure  que  dans  le  cas  du 
singe  3. 

Les  releves  obtenus  a  partir  de  cet  accelerometre  sont  nettement  singuliers  (cf.  courbes  18e  et 
18f),  bien  que  la  fixation  du  capteur  ne  laisse  aucun  doute. 

L*  "anomalie"  la  plus  notable  de  ces  mesures  tient  au  fait  que  le  maximum  du  signal  est  re<,-u 
sur  L7  pr£s  de  20us  plus  tot  que  sur  ce  capteur  pourtant  plus  proche  5  priori  de  1 ' exc itation. 

L'examen  plus  attentif  des  releves  de  ces  signaux  montre  en  fait  l'arrivee  sur  ce  capteur  Sj 
d'une  premiere  onde  de  faible  amplitude  sensiblement  plus  tot  (60ps  environ)  cf.  fig. 26. 


Fig.  2C 
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On  propo.se  done,  sous  reserve  d'une  analyse  plus  approfondie,  1  * expl  icat  ion  suivante  : 

-  1 'ebranlement  initial  applique  sur  Sj  se  propage  d'abord  sous  la  forme  d'une  onde  rapide  de 
type  compression.  Cette  onde  cree  un  champ  de  deplacement  faible  sur  l'os,  mais  porte  l'essentiel  de 
l'cnergie  du  choc. 

-  ce  n'est  qu'on  atteignant  les  limites  de  Sj  (disque  SjL^,  surface  articulaire  de  1 'apophyse. . ) 
que  cette  onde  se  modifie  en  onde  plus  lente, a  champ  de  deplacement  en  surface  de  l'os  plus  impor¬ 
tant.  C'est  cette  nouvelle  onde  qu'on  rcesure  sur  L7. 

-  la  partie  retrodif fusee  de  cette  onde  atteint  plus  tardivement  le  capteur  de  la  face  ante- 
rieure  de  Sj ,  perturbee  de  plus  par  des  interferences. 

1,' existence  d'un  champ  inter ferent iel  sur  Sj  est  attestee  par  1 ' osc il lat ion  durable  du  signal 
enregistre  (cf.  fig. 14).  Cette  resonance  a  une  frequence  de  2,2  kHz. 

Sans  instrumenter  de  fa yon  plus  complete  cette  vertebre  pour  pouvoir  preciser  sa  cinematique, 
il  n'est  pas  possible  de  preciser  la  nature  de  cette  resonance  bien  perceptible  sur  la  fig.  18f. 

7)  Probleme  de  l'ancrage  des  capteurs  : 

On  a  montre  plus  haut  que  l'ancrage  de  la  broche  etait  sur  dans  la  garame  0-4  kHz. 

La  qualite  de  l'ancrage  des  capteurs  pose  des  questions  analogues,  bien  que  les  masses  mises 
en  jeu  soient  beaucoup  plus  faibles,  d'autant  que  cette  fois  le  phenomene  a  craindre  est  une  flexion 
du  systeme  capteur-vis  sur  la  raideur  de  l'ancrage  dans  l'os. 

Cette  liaison  n'a  ete  verifiee  pour  l'instant  que  jusqu'^  des  frequences  plus  basses.  Elle  sera 
etendue  jusqu'a  4  kH^  dans  les  mesures  c  venir,  la  methode  etant  de  sacrifier  l'animal,  de  prelever 
1* ensemble  vertebre-  apteur  et  de  le  vibrer  directement. 

Commc  il  n'y  a  ,  is  de  raison  pour  que  ce  type  de  resonance  varie  sensib 1 ement  en  fonction  du 
leger  changement  de  dimension  d'un  corps  vertebral  h  1 'autre,  mais  presente  plutot  une  dispersion 
aleatoire,  les  auteurs  ont  le  sentiment  ou'un  tel  defaut  d'ancrage  ne  saurait  expliquer  les  courbes 
de  filtrage  regul ierement  espacees  des  differents  etages  vertebraux,  et  que  les  phenomenes  precites 
ne  sont  pas  un  artefact  du  protocole  experimental.  Cc  qui  ne  saurait  dispenser  de  cette  verifica¬ 
tion. 

CONCLUSIONS  : 


Dans  un  premier  temps,  ce  travail  va  etre  poursuivi  dans  le  meme  esprit  avec  le  souci  de  comple¬ 
ter  Its  donnees  actuelles  et  de  preciser  tout  ce  qui  peut  l'etre. 

Le  but  essentiel  de  cette  characterisation  est  avant  tout  le  developpement  d'un  module  du  rachis 
dans  cette  perspective  "guide  d'ondes", 

Les  principaux  resultats  acquis  il  ce  jour  sont  les  suivants  : 

-  le  rachis  ne  presente  pas  de  phenomenes  modaux  percept ibles ,  et  en  particulier  les  vertebres 
ne  se  eomportent  pas  en  resonateurs  sur  la  raideur  des  disques  voisins. 

-  les  attenuations  propres  au  rachis  considere  comme  un  milieu  de  propagation  sont  tres  selec- 
tives  selon  la  frequence,  et  donntnt  il  ce  dernier  un  caractere  de  passe-has  3  pente  de  filtrage  tres 
rapide.  Dans  le  cas  des  primates  etudies,  la  frequence  de  coupure  est  de  l'ordre  de  2  kHz  au  niveau 
lomhaire.  Elle  decrott  continuement  quand  on  s'eleve  dans  le  rachis  vers  la  tete. 

-  les  ondes  de  compression  volumique  des  materiaux  constitutifs  du  rachis  ne  se  propagent  pas 
d'un  etage  vertebral  il  1 'autre  (on  serait  tente  d'y  voir  un  cas  de  type  "bande  interdite"  analogue 
il  ce  qu'on  obtient  dans  l'etude  de  la  propagation  dans  des  milieux  per iod iques . . . ) . 

-  les  sol  1 ic  itat ions  dynamiques  sont  du  coup  vehiculees  par  une  onde  lente,  200  il  400  m/ s , 
dispersive,  que  1 'on  serait  tente  de  nommer  "flexion"  sous  reserve  de  bien  considerer  : 

.  que  l'on  considere  un  milieu  composite 

.  qu’il  ne  s'agit  pas  de  la  flexion  du  rachis  au  sens  statique  oil  les  pieces  osseuses  ne  sc 
dirforment  pas,  mais  de  la  propagation  d'une  onde  tflastique  dans  un  milieu  composite,  anisotrope,  a 
carac ter ist iques  continuement  variables. 

Knfin,  la  lincarite  observe  jusqu'il  des  niveaux  de  sol  1  ic  i  tat  ion  clevis  (8  C  crete)  n'est  pas 
la  moindre  surprise  apporttfe  par  tette  etude  et  laisse  envi sager  la  possibility  de  mode les  relative- 
ment  simples  applicables  &  des  chocs  ires  realistes. 
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DISCUSSION 

DR.  VON  GIERKE  (USA) 

Do  you  think  your  findings ,  the  high  frequency  response  of  the  spine,  can  be  correlated  with  the  injury 
patterns  which  have  been  observed  in  various  subhuman  primates? 

AUTHOR'S  REPLY 


We  haven't  been  making  any  correlations  on  that  which  we  observed  because  we  made  a  preliminary  study 
which  is  a  global  one.  The  response  was  not  an  impact  response  but  a  vibration  response.  So  we  thought 
about  it  and  we  came  to  the  following  conclusion;  there  exists  a  different  phenomenon  when  it  comes  to  the  effect 
of  a  brief  shock  or  a  brief  impact  directly  applied  through  the  pelvis  and  this  probably  brings  about  a  significant 
drop  in  the  pass  band  of  the  signal  sent  to  the  spine.  And  we  have  the  totality  of  the  pass  band  which  is  applied. 
Moreover,  in  this  type  of  study,  for  physical  reasons,  which  you're  well  aware  of,  we  cannot  study  the  response 
of  the  spine  in  the  0-250hz  because  the  energy  contained  in  that  band  is  much  too  weak  and  the  signal  to  noise 
ratio  is  also  very  low;  therefore,  the  correlation  function  becomes  very  low  indeed  and  we  can’t  draw  any  con¬ 
clusions  . 


(UNKNOWN  QUESTIONER)  (UNCLEAR  STATEMENT) 
AUTHOR'S  REPLY 


In  the  transfer  function  which  has  been  studied  here,  first  of  all,  this  is  a  transfer  function  which  is  a  parti¬ 
cular  type  since  this  is  a  coherent  transfer  function.  So  there  is  a  linearization  of  this  system  in  this  ease.  In 
both  cases  we  only  considered  the  results  when  the  coherent  transfer  function  is  sufficiently  high,  that  is, 
higher  than  0.95.  All  the  data  below  0.95  of  the  coherent  function  have  been  rejected. 

DR.  VON  GIERKE  (USA) 

The  animals  were  sitting  upright  and  not  supine  as  in  your  drawing? 

AUTHOR’S  REPLY 


Wc  prepared  a  seat  which  will  enable  us  to  make  shock  studies  and  vibration  studies  according  to  different 
positions  from  the  supine  to  the  erect. 


DR.  VON  GIERKE  (USA) 


(RECORDING  UNCLEAR) 
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HtKAN  CADAVERIC  RESPONSE  TO  SIMULATED 
HELICOPTER  CRASHES 


A. I.  King  and  R.S.  Levine 
Wayne  State  University 
Bioengineering  Center 
Detroit,  MI  48202,  U.S.A. 


ABSTRACT 

The  use  of  energy  absorbers  in  crew  seats  of  military  helicopters  has  the  potential  of  minimizing 
spinal  injuries  during  a  crash.  The  determination  of  human  response  during  such  simulated  crashes  was 
attempted  using  a  Black  Hawk  crew  seat.  A  total  of  28  impacts  with  10  different  cadavers  were  carried  out 
bo  determine  the  injury  pattern  and  the  biodynamic  response.  Head  and  pelvic  accelerations  were  measured 
along  with  sled  and  seat  acceleration.  Floor  board  and  belt  loads  were  also  monitored.  High  speed  film 
was  taken  to  obtain  head  and  torso  kinematics.  The  predominant  mode  of  failure  was  the  anterior  wedge 
fracture  from  T8  to  L3.  Generally,  there  was  only  one  fracture  per  spine.  One  of  the  disturbing 
observations  is  the  rolling  of  the  shoulders  within  the  restraint  system  resulting  in  hyperflexion  of  the 
thoraco-lumbar  spine  and  anterior  wedge  fractures.  An  associated  potential  problem  area  is  the  observed 
large  head  excursions  which  can  lead  to  significant  head  and  neck  acceleration  injuries. 

INTRODUCTION 

Spinal  injuries,  even  those  without  significant  injury  to  the  enclosed  neural  structures,  can  lead  to 
significant  impairment.  Curing  helicopter  crashes  the  spine  is  subjected  to  high  levels  of  +G  accele¬ 
ration  which  causes  spinal  compression  and  flexion.  Anterior  wedge  fractures  of  tl.e  lower  tho facie  and 
upper  lumbar  vertebrae  are  ccrronly  seen.  These  injuries  can  be  attenuated  by  using  an  energy  absorbing 
(EA)  seat.  Due  to  limitations  on  the  physical  size  of  the  cabin,  it  may  not  be  possible  to  design  an  EA 
seat  vhich  can  bring  the  loads  down  to  a  safe  level  for  all  crew  members,  that  is,  a  constant  load  limiter 
can  bottom  out  before  the  total  energy  is  absorbed  from  a  heavy  crew  member.  The  object  of  this  project 
is  to  study  the  response  of  helicopter  crews  during  combined  +G  and  -G  accelerations  simulating  a 
helicopter  crash.  A  secondary  objective  is  the  determination  of  £  reasonable  EA  setting  for  human  cadavers 
which  were  used  as  surrogates  for  crew  members.  A  preliminary  series  of  runs  were  made  using  a  rigid  seat 
to  determine  cadaveric  fracture  g-levsls  which  were  to  form  the  basis  for  using  the  14.5-g  setting  designed 
for  these  helicopter  seats  or  for  testing  cadavers  at  a  lower  level. 

METHODS 

All  tests  wens  performed  on  WHAM  III  (Wayne  Horizontal  Acceleration  Mechanism)  with  the  seat  and 
cadaver  positioned  as  shown  in  Figure  1.  The  sled  started  at  one  end  of  the  track,  was  brought  to  the 
desired  velocity  slowly  and  was  decelerated  rapidly  at  the  opposite  end  of  the  track  by  a  hydraulic  snuhbing 
device.  The  EA  best  seat  was  positioned  so  that  its  bottom  pointed  toward  the  front  of  the  sled  and  the 
back  was  set  at  various  angles  with  respect  to  the  horizontal  between  4  and  2i  degrees  (Figure  1).  This 
system  provided  a  +G  acceleration  oorponent  to  a  seated  cadaver  on  a  horizontal  sled  (horizontalized 
♦G  ).  The  cadaver  we&  positioned  In  the  seat  and  held  with  a  standard  military  harness  used  in  helicopters. 
All  belts  were  hand  tightened.  The  cadaver  was  positioned  with  the  head  and  neck  were  placed  in  slight 
flexion,  simulating  a  pilot  sitting  upright. 

The  seat  used  in  these  tests  was  a  standard  helicopter  seat  with  a  thin  foam  cushion  between  the 
buttocks  and  seat  pan.  The  EA's  were  changed  after  each  run.  EA  settings  were  at  14.5  g  and  11.5  g. 

Prior  to  using  the  EA's,  several  runs  were  trade  with  a  rigid  seat  set  at  90  degrees.  TVo  configurations 
were  used  for  the  EA  seat  to  simulate  a  helicopter  crash  on  a  horizontal  sled.  The  'purely'  vertical 
(♦G  )  ispact  should  be  simulated  by  setting  the  seat  back  tangent  line  parallel  to  the  horizontal  surface 
of  the  sled.  However,  in  order  to  account  for  gravitational  acceleration  which  would  act  normal  to  the 
spinal  axis,  the  seat  back  was  tipped  up  4  deg  for  a  14.5-g  run.*  In  the  combined  mode,  simulating  +G_ 
and  ~C  accelerations,  the  seat  back  tangent  line  was  tipped  ip  an  additional  17  deg  to  21  deg.  The  g- 
levels  ror  EA  settings  were  subsequently  reduced  but  the  seat  configurations  wer»  .ot  altered  since  snail 
rotational  adjustments  of  one  or  two  degrees  were  difficult  to  attain  in  structures  desired  to  withstand 
high  loads. 

The  cadavers  were  obtained  from  the  Willed- Body  Program  of  Wayne  State  University,  School  of  Medicine.** 
A  total  of  10  cadavers  were  used.  A  total  of  28  runs  (rigid  and  EA)  were  made.  Initially,  cadavers  were 
subjected  to  more  than  one  run,  with  five  cadavers  being  used  for  23  runs.  Five  of  the  10  cadavers  were 
used  only  once.  Prior  to  use,  the  cadavers  were  X-rayed  to  rule  out  any  spinal  abnormalities,  arthritis 
and/or  osteoporosis;  all  of  which  disqualified  the  subject.  Anthropometric  measurements  were  made  on 
each  cadaver,  after  which  it  was  instrumented  with  head  and  pelvic  accelerometers  and  dressed  in  a  tight 
fitting  garment.  The  head  and  face  were  covered  to  preserve  anonymity.  A  procedure  to  place  the  cadaver 
in  the  test  seat  was  developed  to  ensure  repeatable  positioning.  The  lap  belts  were  hand  tightened  to 
about  220  N  and  the  shoulder  straps  to  about  130  N.  No  helmets  were  used  and  the  feet  were  strapped  to 
bi-axial  load  cells  which  measured  foot  loads  in  the  antero-posterior  (x-axis)  and  superior-inferior 
(z-axis)  directions.  After  each  run,  X-rays  were  taken  and;  for  multiple  runs,  the  cadaver  was  not  reused 
if  a  fracture  was  identified.  All  cadavers  were  autepsied  at  the  termination  of  the  final  run.  Curing 
the  autopsy,  careful  attention  was  paid  to  the  spine.  Specimens  of  vertebral  bodies  were  sent  to  a  testing 
laboratory  to  determine  the  conpreesiun  strength  at  failure  and  their  mineral  oontent. 


The  arcsine  of  1/14.5  is  approximately  4  deg. 

**The  protocol  for  the  use  of  cadavers  in  this  study  was  reviewed  by  the  Human  and  Animal  Investigation 
Oamuttee  of  Wayne  State  Uuversity.  It  follows  guidelines  established  by  the  U.  S.  Public  Health  Service 
and  those  recommended  by  the  Itaticnal  Acadesy  of  Sciences /Itational  Research  Council. 
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The  maximum  number  of  data  channels  recorded  was  32.  They  are: 


Head  accelerometers  9 
Pelvic  accelerometers  3 
Seat  pan  accelerometers  3 
Sled  accelerometers  2 
Lap  belt  load  cells  2 
Shoulder  belt  load  cells  2 
Tie-down  strap  load  cell  1 
Foot  load  cells  4 
Energy  abosorber  load  cells  2 
Displacement  potentiometers  4 


The  head  accelerometers  were  arranged  in  a  3-2-2 -2  Configuration  for  the  measurement  of  linear  and  angular 
acceleration.  Tri-axial  pelvic  and  seat  pan  ar  :elerations  were  measured  along  with  sled  deceleration 
which  was  nonitored  by  a  redundant  accelerometer.  The  5  belt  loads  were  measured  by  clip-on  type  load 
cells  while  the  x-  and  z-axis  foot  loads  were  measured  by  2  multi-axis  load  cells.  The  performance  of  the 
2  energy  absorbers  were  monitored  by  EA  load  cells  and  up  to  a  maximum  of  4  string  potentiometers  which 
provided  a  quantitative  measure  of  the  loads  sustained  by  the  absorbers  and  the  extent  of  the  collapse  of 
the  seat.  In  many  runs  only  cne  or  two  seat  displacement  measurements  were  made.  All  transducer  data 
were  transmitted  to  an  analog  tape  recorder  via  trailing  cables.  Ten  channels  of  data  were  digitized 
during  the  run,  permitting  an  instant  review  of  the  results.  All  data  were  digitized  at  1,600  sanples/ 
second  after  they  were  filtered  at  800  Hz.  The  digital  data  were  subjected  to  a  100-Hz  low  pass  filter 
before  they  were  plotted  as  results  for  this  paper. 

RESULTS 

Tfcble  1  summarizes  the  19  ncn-EA  runs  that  were  made  with  a  rigid  seat  with  a  90-degree  seat  back  to 
seat  pan  angle.  The  seat  back  was  parallel  to  the  sled  surface.  Repeated  runs  were  made  on  each  of  the 
three  cadaveric  subjects  used  until  a  fracture  was  detected  on  lateral  X-rays  taken  after  each  run. 
Cadaver  4612  was  used  for  3  runs,  lhis  52-year  old  male  cadaver  sustained  a  fracture  of  T9  at  7.5  g,  as 
shown  in  Figure  2  which  was  taken  after  the  spine  had  been  excised.  The  release  of  load  and  the  removal 
of  surrounding  tissues  permitted  the  vertebral  body  to  rebound  and  loee  its  wedged  shape.  Cadaver  4654 
was  run  11  times  up  to  28.5  g.  A  typical  fracture  of  T10  and  Til  occurred  during  the  last  run.  A  total 
of  5  runs  were  made  on  Cadaver  4660  which  sustained  a  snail  wedge  fracture  of  T8  during  the  fourth  run. 
However,  this  injury  was  initially  overlooked  and  it  was  subjected  to  a  fifth  run  at  21.4  g.  A  catas¬ 
trophic  fracture  of  T8  occurred. 

The  acceleration  and  load  cell  data  presented  in  this  paper  are  based  on  a  set  of  body-fixed  coordin¬ 
ate  axes,  the  positive  directions  of  which  are  directed  anteriorly,  left  laterally  and  superiorly  for  the 
x— ,  y-  and  z-axis  respectively.  Figure  3  shows  z-oomponent  accelerations  of  the  pelvis,  seat  par.  and 
input  sled  acceleration  for  a  12.8-g  non-injury  producing  run  on  Cadaver  4654  (kin  7).  Accelerations 
along  the  z-axis  for  a  28.5-g  run  on  Cadaver  4654  are  shown  in  Figure  4.  Injuries  bo  T10  and  Til  were 
noted  after  this  run.  Because  of  the  fact  that  the  fracture  level  for  this  cadaver  was  so  high,  the 
average  level  for  the  three  subjects  was  16.0  g.  Since  the  setting  for  the  crew  seat  EA’s  was  only  14.5 
g,  it  was  decided  that  this  setting  should  be  used  for  the  second  and  principal  phase  of  the  study  in 
which  cadaveric  responses  were  measured  using  an  energy-absorbing  seat.  This  set  of  ncn-EA  runs  also 
demonstrated  the  feasibility  of  simulating  vertical  accelerations  on  a  horizontal  sled  and  of  producing 
injury  patterns  consistent  with  observations  in  the  field. 

The  nine  runs  made  with  an  EA  seat  are  summarized  in  Table  2.  A  total  of  seven  unembalmed  cadavers 
were  used  in  two  different  seat  configurations.  Two  of  the  cadavers  were  tested  in  both  the  purely  ver¬ 
tical  mode  and  the  combined  mode  while  the  remaining  five  were  tested  only  once. 

The  nominal  peak  value  of  the  sled  pulse  was  set  at  40  g.  The  velocity  change  was  46  km/hr  and  the 
stopping  distance  was  356  mm.  A  typical  deceleration  pulse  is  shown  in  Figure  5.  Data  from  one  of  the 
nine  runs  (Run  25)  were  lost  due  to  a  malfunction  of  the  tape  recorder.  The  data  from  the  remaining  8 
runs  can  be  divided  into  3  groups.  There  were  3  purely  vertical  runs  with  an  EA  setting  of  14.5  g  (Ains 
20,  28  and  31).  Examples  of  head,  pelvic  and  seat  pan  accelerations  are  shown  in  Figures  6  and  7  for  the 
x-  and  z -components  respectively.  A  44-year  old  female  cadaver  (No.  4784)  was  used  in  (tin  20.  fto  gross 
spinal  injury  was  detected.  In  Run  28,  the  test  subject  was  a  61-year  old  female  cadaver  (fto.  4850)  which 
did  not  sustain  any  spinal  injury.  A  63-year  old  female  cadaver  was  used  in  the  third  run  of  this  aeries 
(Run  31).  Figure  8  shows  a  compression  fracture  of  T8  sustained  by  this  cadaver.  Again,  this  is  an 
x-ray  of  the  excised  spine.  Cadaver  4840  sustained  a  wedge  fracture  of  L3  during  Ain  25  for  which  the 
transducer  data  were  lost. 

In  the  second  group  of  two  runs,  the  seat  was  tipped  up  21  deg  to  simulate  a  combined  code  of 
acceleration.  In  Ain  21,  Cadaver  4784  underwent  a  second  run  but  was  not  injured.  Am  29  was  made  with 
Cadaver  4850  which  sustained  an  anterior  wedge  fracture  of  T12.  Pelvic,  head  and  seat-pan  accelerations 
along  the  x-  and  z-axis  for  Am  29  are  shorn  in  Figures  9  and  10  respectively. 

The  three  oadaverc  used  in  the  last  aeries  of  runs  were  impacted  only  once.  They  were  subjected  bo  a 
combined  node  of  deceleration  with  the  EA'a  set  at  11.5  g.  The  reduced  EA  level  was  an  attempt  to  seek  a 
g- level  at  which  no  spinal  injuries  among  the  aadaveric  population  would  occur.  All  three  cadavers  sus¬ 
tained  anterior  wedge  fractures,  br>  of  LI  and  one  of  L3.  The  x-  and  z-oonponents  of  the  head,  pelvis  wd 
seat  pan  for  Ain  31  are  shown  in  Figures  11  and  12  respectively. 

DISCIBSICN 

In  cadavers,  fractures  of  the  ^xine  occur  at  about  10  g  in  the  z -direction.  Without  an  EA,  the 
acceleration  of  the  sled  and  aeat  pan  are  almost  in  phase,  with  the  Utter  having  a  hitter  peak  due  to 
ringing,  felvic  response  was  delayed  and  amplified.  The  delay  is  due  to  the  presence  of  soft  tissue 
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covering  the  ischial  tuberosities  which  need  to  be  oonpressed  before  the  inertial  load  can  be  transmitted 
to  the  bony  pelvis.  lhe  higher  acceleration  experienced  by  the  pelvis  is  attributable  to  the  bottoming 
out  of  the  tuberosities  against  a  rigid  seat  pan.  The  z-corrponent  accelerations  shown  in  Figure  3  are 
typical  of  all  runs  made  in  the  non-EA  node  at  all  g-levels.  The  spinal  fracture  patterns  observed  in 
this  series  of  rigid  seat  runs  on  a  horizontal  sled  were  similar  to  that  reported  by  Ewing  et  al  (1)  wh_ 
performed  cadaveric  experiments  on  a  vertical  accelerator  at  Wayne  State  tjhiversity.  Shanahan  (2)  also 
indicated  that  the  pattern  of  fracture  seen  in  helicopter  pilots  is  also  similar  to  that  of  the  cadaver. 
Thus,  the  simulation  of  helicopter  crashes  using  cadavers  on  a  horizontal  sled  is  a  viable  method  for 
injury  studies.  However,  the  difficulty  of  establishing  human  tolerance  levels  from  cadaveric  data  still 
rerains. 

The  data  from  the  eight  EA  runs  are  more  difficult  to  interpret.  High  speed  movies  of  these  runs 
show  that  the  head  ard  torso  undergo  severe  hyperf  lexion.  The  sequence  photograph  in  Figure  13  shows  the 
head  between  the  knees  at  the  peak  of  its  excursion  (Run  28).  Fbr  a  comparable  run  without  EA's,  tie 
amount  of  rotation  of  the  head  and  torso  is  considerably  less,  as  shown  in  the  sequence  photograph  for  Run 
18  (Figure  14).  The  absence  of  significant  spinal  flexion  was  observed  in  previous  studies  in  both  the 
vertical  acceleration  mode  and  the  combined  mode.  Prasad  and  King  (3)  made  a  large  number  of  cadaveric 
runs  on  ti>e  verticil  accelerator  without  encountering  severe  spinal  flexion.  Begeman  (4)  performed  -G 
and  combined  -G  and  +G  runs  using  a  rigid  seat  but  failed  to  observe  the  subject  rolling  inside  the* 
shoulder  restraints.  One  of  the  rajor  differences  between  the  runs  made  on  the  Black  Hawk  seat  and  those 
performed  previously  is  the  nanner  in  which  the  shoulder  belts  were  pre-tightened  before  the  run.  During 
the  Black  Hawk  test  series,  the  pre-tension  was  kept  at  a  relatively  lew  level  of  about  130  N.  In  the 
rigid  seat  series  and  in  previous  experiments,  the  shoulder  harness  was  tightened  manually  to  about  400  N. 
Belt  pre-tension  nay  be  a  contributing  factor  to  the  observed  head  excursions. 

The  peak  accelerations  sustained  by  the  head  occurred  near  the  end  of  the  impact  at  ter  the  head  had  un¬ 
dergone  a  rotation  in  excess  of  90  deg.  The  cody- fixed  accelerations  in  the  x-  and  z-  direction  were  both 
negative  as  the  whipping  head  was  brought  to  an  abrupt  stop  by  the  shoulder  belts.  Peak  head  accelerations 
occurred  at  about  the  same  time  as  that  of  the  shoulder  belt  loads.  A  typical  example  of  this  is  shown  in 
Figure  15  for  Run  33.  Pelvic  acceleration  along  the  spinal  axis  were  of  the  same  order  of  magnitude  as 
that  of  the  seat.  The  seat  cushion  nay  have  prevented  the  overshoot  observed  in  the  rigid  seat  runs. 

The  distribution  of  spinal  fractures  among  the  three  groups  of  test  conditions  is  not  consistent  with 
g-level  or  test  mode.  In  the  vertical  mode,  the  fracture  rate  was  50%  at  an  EA  setting  of  14.5  g.  TVo  of 
the  four  cadavers  sustained  a  spinal  fracture  in  this  series.  At  the  same  g-level  in  the  combined  mode, 
the  fracture  rate  was  also  50%  (one  out  of  two  runs).  However ,  the  fracture  rate  wa3  100%  for  the  11. 5-g 
setting  in  the  combined  mode.  A  much  larger  sample  size  is  needed  before  a  satisfactory  explanation  can 
be  found. 

CONCLUSIONS 

The  following  conclusions  can  be  made: 

1.  The  use  of  a  horizontal  sled  bo  simulate  vertical  impact  accelerations  has  been  shown  to  be  a 
viable  method  in  injury  research  involving  the  use  of  cadavers. 

2.  Human  tolerance  to  combined  accelerations  cannot  be  deduced  from  these  results.  It  is  expected 

to  be  lower  than  that  for  *G  acceleration. 

z 

3.  rolling  of  the  shoulders  inside  the  restraint  system  is  a  disturbing  phenomenon  which  may 
aggravate  spinal  injuries.  This  was  not  observed  in  previous  studies  in  vhidi  the 
shoulder  harness  was  pre-tightened  to  400  N.  tore  research  is  needed  to  ascertain  if 
powered  inertial  reels  or  an  inflatable  restraint  system  can  be  effective  in  reducing  head 
excursion  and  upper  torso  rotation. 

4.  The  energy  absorbers  functioned  properly  in  all  of  the  tests  in  which  they  were  used.  They 
appear  to  be  an  effective  means  of  attenuating  spinal  injuries. 

5.  EA  settings  for  oadaveric  tests  in  the  combined  mode  should  be  less  than  11. 5-g. 
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TABLE  1  -  SUMARY  OF  RIGID  SEAT  RUNS 


RUN  # 

CAD  1 

PEAK 

ACCEL 

SEX 

AGE 

HT 

(nm) 

WT  INJURY 

(N) 

1 

461 

4.1 

M 

52 

1775 

716 

2 

5.8 

3 

7.5 

Fracture  of  T9 

4 

4654 

3.9 

M 

49 

1695 

899 

5 

5.9 

6 

8.7 

7 

12.8 

8 

15.5 

9 

16.9 

10 

18.8 

11 

20.8 

12 

24.0 

13 

27.0 

14 

28.5 

Fracture  of  T10 

and  Til 

15 

4660 

4.1 

M 

51 

1705 

961 

16 

5.0 

17 

8.8 

18 

13.0 

Anterior  Wedge  Fracture  of  TB 

19 

21.4 

Catastrophic  Fracture  of  T8 

TABLE  2  -  SUMAKY  OF  BUCK  HAWK  SEAT  RUG 

RUN 

CAD 

PEAK  SEX 

AGE 

m 

WT 

DUUtY 

SEAT 

NO. 

NO. 

ACCEL 

(rm)  (N) 

OGNFIG 

20 

4784 

45.0  F 

44 

1600 

738 

VERT 

21 

4784 

44.0 

OB 

25 

4840 

LOST  M 

55 

1710 

711 

Fracture  of  L3 

VERT 

28 

4850 

42.3  * 

61 

1615 

623 

VERT 

29 

4850 

41.6 

Wedge  Fracture  of  T12 

CUMB 

31 

4875 

43.9  F 

63 

1660 

657 

Comp.  Fracture  of  T8 

VERi' 

33 

4921 

45.0  K 

52 

1750 

971 

Wedge  Fracture  of  LI 

CUB 

35 

4975 

44.0  M 

63 

1715 

626 

Wedge  Fracture  of  L3 

COB 

37 

4983 

43.0  F 

58 

1620 

718 

Wedge  Fracture  of  LI 

COMB 

VETrr  ■  Vertical  («GZ)  Acceleration,  4  deg  aeat  hade  angle 

OB  •  Oonfcined  («CZ  and  -G^)  Acceleration,  21  deg  aeat  back  angle 


Figure  2  -  X-ray  of  Spinal  Segment  of  Cadaver  4612 
Fracture  of  T9  at  7.5  g. 
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Seat  and  Sled  for  Cadaver  4654  (Run  7) 
at  12.8  g. 


rigufe  4  -  Z -Component  At  telctai  luu*  vi  iiie  relvie. 
Seat  and  Sled  for  Cadaver  4654  (Run  14 
at  28.5  g. 
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TrplCRL  SLED  DECELERATION  PULSE 


TIMF  (MSI 


Figure  5  -  A  Typical  sled  Deceleration  Pulse  Used  for 
Black  Hawk  Seat  Runs. 


Figure  6  -  X-Component  Accelerations  of  the  Head, 
Pelvis  and  Seat  for  Cadaver  4850 
(Run  28)  at  14  5  g  EA  Setting. 


Figure  7  -  Z-Coiaponent  Accelerations  of  the  Head, 

Pelvis  and  Seat  for  Cadaver  4850  (Run  28) 
at  14.5  g  EA  Setting. 


Figure  8  -  X-ray  of  A  Spinal  Segment  of  Cadaver  4875  -  Fracture  of  T8 


X  ACC  OF  HEAD.  PELVIS  AND  SEAT  # _ *  HEAD  l  ACC  OF  HEAD.  PELVIS  AND  SEAT 

CAOAVEA  4850  (  RUN#  29)  * _ .  PELVIS  CADAVER  4850  t  RUN*  29) 

4 _ SEAT 


HEAD 

PELVIS 

SEAT 


10.  20.  33.  40. 


TIME*  (MS)  MO 

Figure  9  -  X-Component  of  Acceleration  of  the  Head,  Figure  10  -  Z- Component  of  Acceleration  of  the  Head, 
Pelvis  and  Seat  for  Cadaver  4850  (Run  29)  Pe. vis  and  Seat  for  Cadaver  4850  (Run  29) 

pc  14.5  g  EA  Setting.  at  *4.5  g  EA  Setting. 

;  h:c  of  head,  pk^is  and  >ht  *  * 

X  ACC  OF  HEAO,  PELVIS  ANO  SEAT  • — •  HEAO  CADAVER  4921  I  RUN*  33)  *  *  *ZZ 

CADAVER  4921  (RUN*  33)  * _ .  PELVIS 

, _ 4  SEAT 


T  IMF  (Mb)  X 1 0 


Figure  11  -  X-Component  of  Accelerations  of  the  Figure  12  -  Z-Component  of  Accelerations  of  the  Head, 
Head,  Pelvis  and  Seat  for  Cadaver  4921  (Run  33)  Pelvis  and  Seat  for  Cadaver  4921  Run  33) 
at  JL1.5  g  EA  Setting  at  11.5  g  EA  Setting. 


Figure  13  -  Sequence  Photograph  of  Run  28,  Showing  Figure  14  -  Sequence  Photograph  of  Run  18,  Showing 

Large  Head  Rotation  and  Excursion.  Considerably  Less  Head  Rotation  and  Excursion. 
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Figure  IS  -  Time  Correlation  of  Peak  Head  Accelerations 
with  Peak  Shoulder  Belt  Load. 
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DISCUSSION 

UNIDKNTIFIED  QUESTIONER 

Can  you  give  detailed  information  about  the  energy  absorbing  mechanism  or  energy  materials  in  the 
seat  system  itself? 

AUTHOR'S  REPLY 

I  request  that  Mr.  DesJardins,  the  seat  manufacturer's  representative,  discuss  the  material. 

DESJARDIN'S  (USA) 

The  energy-absorbing  mechanism  used  are  inversion  tubes.  The  material  of  the  inversion  tube  is  annealed 
aluminum  tube,  the  device  operates  much  like  reaching  into  a  sock  and  pulling  it  inside-out,  the  tube  is  pulled 
insidc-out.  The  seat  is  attiched  to  the  bottom  of  these  devices  and  the  devices  are  attached  to  the  top  of  the  seat 
frame.  The  devices  are  elongated  by  fhc  inertial  load  of  the  seat  occupant. 

UNIDENTIFIED  QUESTIONER 

Did  you  see  any  ligamr  ntal  injuries  and  disk  injuries? 

AUTHOR'S  REPLY 

We  didn't  sec  any  ligamentous  injuries  nor  did  we  sec  any  disk  injuries.  Although  1  expect  they  should 
occur  in  the  end-plates.*  I  would  expect  to  see  these  injuries  in  a  larger  series. 


9-1 


INJURY  MECHANISMS  IN  FRONTAL  COLLISIONS  INVOLVING  GLANCE-OFF 

Reidelbach,  W. 

Zeidler,  F. 

Daimler-Benz  AG,  7032  Sindelfingen  /  Germany 


SUMMARY 

Among  frontal  car  collisions  offset  impact  collisions  are  three  times  more  frequent 
than  symmetrical  ones.  In  case  of  small  overlap  and  high  collision  speed  the  colliding 
vehicles  glance-off.  The  definition  and  application  of  the  energy  equivalent  speed  helps 
to  evaluate  crash  severity  and  to  distinguish  glance-off  from  non-glance-off  collisions. 
The  investigation  of  frequency  and  severity  of  injuries  to  belted  occupants  unveils  that 
in  case  of  glance-off,  due  to  the  "impact-shock  syndrome",  the  injury  risk  of  lower  ex¬ 
tremities  is  increased,  the  injury  risk  of  remaining  body  regions  is  reduced  when  com¬ 
pared  to  non-glance-off  cases. 


SOME  RESULTS  FROM  ACCIDENT  STATISTICS 

Accident  investigations  have  repeatedly  shown  that  about  60  %  of  road  traffic  acci¬ 
dents  involving  injuries  to  car  occupants  are  frontal  collisions,  this  collision  type 
therefore  accounting  for  the  greatest  share  of  personal  damage.  Besides  th; s  general  re¬ 
search  result  a  more  detailed  knowledge  of  collision  mechanisms  was  requested  in  order 
to  identify  the  injury  causing  parts  and  kinematics  and  to  design  and  perform  realistic 
accident  simulations. 

So  Daimler-Benz  started  in-depth  accident  analyses  about  20  years  ago  and  has  now 
more  than  1200  case  reports  on  file.  From  there  we  have  learned  that  about  two  thirds  of 
the  vehicles  deformed  by  these  frontal  collisions  can  be  allocated  to  one  of  three  typi¬ 
cal  impact  configurations. 


impact  configuration 


100  96  overlap 
(flat  barrier) 


'jC  to  50  96  overlap 
asymmetrical  left 
(left  offset  barrier) 


30  to  50  96  overlap 
asymmetrical  right 
(right  offset  burrier) 


rate  of  vehicles 
allocated 


25 


30  % 


Because  of  this  3:1  proportion  of  asymmetrical  to  symmetrical  collision  types,  the  offset 
impact  deserves  priority.  Therefore  Daimler-Benz  for  instance  has  included  in  its  car 
engineering  program  the  left  side  offset  barrier  impact  test  in  addition  to  the  flat 
barrier  teat  required  by  law. 


ACCIDENT  SEVERITY  AND  ENERGY  EQUIVALENT  SPEED 


Since  the  beginning  of  accident  research  many  attempts  have  been  made  to  rate  col¬ 
lision  severity  and  correlate  some  to  occupant  injury  severity.  Among  other  approaches 
the  change  iv  of  vehicle  speed  v  during  the  collision  (together  with  other  parameters 
like  mean  acceleration  and  intrusion)  is  considered  indicative  for  crash  severity. 

Our  analyses  led  us  to  the  opinion  that  for  crash  severity  the  exchange  of  kinetic 
energy  and  in  particular  the  amount  of  energy  absorbed  by  the  deformed  car  structure  is 
more  significant  than  jv  (U.  The  reason  is  the  energy  being  a  square  function  of  the 
velocity.  Be  v  the  vehicle  speed  at  the  beginning  and  v  -  av  the  speed  at  the  end  of  the 
collision.  Then  the  vehicle’s  kinetic  energy  is  reduced  during  the  collision  by 


aE 


1  m  [ 


2  . 
v  -  ( v 


.a  i 

4V)J  "  2 


(2vev  -  *  v  ). 


For  an  equal  amount  of  tv,  the  dissipated  energy  aE  increases  with  v:  the  greater  the 
"input  speed",  the  greater  the  energy  to  be  "managed". 


9-2 


The  energy  W  absorbed  by  the  car  structure  is  in  principle  not  identical  to  aE  des¬ 
cribed  above  but  obviously  of  the  same  magnitude.  So  agai.  .  the  greater  v,  the  greater 
is  W,  and  this  quantity  to  our  experience  appropriately  evaluates  crash  severity.  Conse¬ 
quently,  the  "energy  equivalent  speed"  [2] 

EES  = 

is  a  better  collision  severity  indicator  than  4V.  W  and  thus  EES  can  be  estimated  by  ex¬ 
perienced  analysers  in  many  cases  with  sufficient  accuracy.  Future  application  will  vali¬ 
date  this  approach.  Here  it  is  used  on  a  selected  sample  of  frontal  collisions. 

THE  FRONTAL  COLLISION  INVOLVING  GLANCE-OFF 

For  further  analysis  of  the  prevailing  offset  frontal  collision  we  selected  from 
our  files  those  cases  which  met  the  following  criteria: 

-  Front  structure  damage  indicates  a  left  side  offset  impact  with  up  to  two  thirds  over¬ 
lap  . 

-  The  deformation  pattern  of  the  case  vehicle  was  to  resemble  the  crush  configuration 
resulting  from  offset  barrier  tests  so  that  the  EES  could  be  estimated. 

-  The  driver  was  to  be  belted  which  in  many  countries  is  compulsory. 

82  cases  complied  with  these  conditions.  Among  them  12  were  characterized  by  rather  high 
input  velocities  and  small  overlap  so  that  after  a  glancing  blow  the  colliding  vehicles 
separated  from  each  other  and  continued  their  path  with  only  a  minor  deviation  (Fig.  l). 
We  call  it  a  frontal  collision  involving  glance-off  or,  shortly,  a  glance-off-collision 
(GOC)  in  contrast  to  a  non-glance-off-collision  (NGOC). 

After  having  determined  iv  and  EES  for  all  82  case  vehicles,  we  realized  that  for 
those  12  GOC  vehicles  av  was  considerably  smaller  than  EES  whereas  for  the  remaining 
70  NGOC  vehicles  av  was  almost  equal  to  EES.  This  led  us  to  the  definition  of  the  para¬ 
meter  k  =  av/EES  and  a  preliminary  criterion  k  *  0.7  indicating  a  typical  GOC. 

The  significant  data  for  the  twelve  GOC  cases  are  compiled  in  tables  1  and  2.  The 
cars  were  involved  in  accidents  between  1975  and  1980.  The  weight  given  in  each  case  is 
the  empty  vehicle  weight.  Worthy  of  note  is  the  high  relative  speed  vrej  which  varies 
from  100  to  175  km/h.  It  can  be  found  by  adding  the  two  collision  speeds.  The  occupant 
injuries  are  ranked  using  the  Abbreviated  Injury  Scale  (AIS)  [3]  . 

COMPARISON  OF  GOC  AND  NGOC  DATA 

lii  the  left  side  offset  lrontai  collision  sample  considered  here  -  82  cases  with  all 
car  drivers  belced  -  no  injuries  of  AIS  above  3  are  recorded. 

In  70  NGOCs  the  drivers  suffered 

58  head,  neck  or  thorax  injuries,  AIS  1  to  3 

39  injuries  to  the  lower  extremities,  in  particular 

13  injuries  to  knee  and  thigh,  AIS  1  to  3 

13  injuries  to  foot  and  lower  leg,  AIS  1  to  3 

13  combined  upper/lower  leg  injuries,  AIS  1  to  3 

Obviously  in  NGOCs  the  injury  risk  is  almost  equally  distributed  over  the  whole  body 
with  injury  severity  up  to  3  in  all  body  regions. 

In  12  GOCs  the  drivers  suffered 
7  head,  neck  or  thorax  injuries,  AIS  1 
10  injuries  to  the  lower  extremities,  in  particular 

1  knee  injury,  AIS  2 

7  injuries  to  foot  and  lower  leg,  AIS  2  and  3 

2  combined  upper/lower  leg  injuries,  AIS  3 

In  contrast  to  the  NGOC  sample  the  GOC  sample,  though  a  small  number  yet,  indicates  a 
concentration  of  -erious  injuries  in  the  lower  leg  area  and  only  a  minor  risk  in  the  up¬ 
per  body  region.  9  of  the  12  drivers  had  foot/lower  leg  injuries  some  of  which  we  con¬ 
sider  to  be  more  severe  than  is  induced  by  being  classified  AIS  3*  The  large  intrusion 
of  the  footwel 1/firewall  area  of  the  car  body  structure  observed  in  all  GOC  cases  was 
the  first  hint  to  a  particular  mechanism  causing  the  prevailing  lower  leg  injuries.  We 
name  it  the  "impact  shock  syndrome". 

THE  IMPACT  SHOCK  SYNDROME 

It  is  characterized  by  a  high  peak/short  duration  impact  force  exerted  on  the  feet 
by  the  footwell  or  pedals  which  in  turn  is  due  to  the  large  closing  speed  between  the 
feet  and  the  quickly  intruding  structure  elements  in  the  footwell  area  at  the  moment  of 
contact  (contact  speed).  In  this  moment  both  feet  and  footwell  move  relative  to  the  pas¬ 
senger  compartment,  the  feet  in  forwa.-d  direction,  the  footwell  in  rearward  direction 
due  to  the  intrusion.  During  GOCs  the  footwell  intrusion  speed  is  extraordinary  large 
because  of  the  small  overlap  and  the  high  collision  speeds  involved.  So  also  the  contact 
speed  is  high,  but  the  masses  of  body  parts  involved  are  low,  resulting  in  the  high  peak/ 
short  duration  impact. 
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Using  some  elementary  equations  of  applied  mechanics  together  with  plausible  assump¬ 
tions  on  car  crash  behavior  ["Q  it  can  be  shown  that  the  contact  speed  vc  can  be  approxi¬ 
mated  by  the  formula 

v  =  ^  EES  (k  +  . 

c  2  k 

In  Fig.  2  the  severity  of  foot/lower  leg  injuries  is  plotted  against  v£  for  all  82  cases. 
The  scatter  range  of  NGOC  data  is  indicated  here  by  the  upper  and  lower  limit  value  only, 
for  each  AIS  level.  We  realize  that  many  GOC  data  points  fall  within  the  NGOC  data  ranges 
except  at  AIS  3  level.  Here  it  seems  to  be  obvious  that  the  data  points  allocated  to  vc 
above  70  km/h  indicate  injury  severity  above  3*  But  after  the  revision  of  the  Abbreviated 
Injury  Scale  in  1980,  classification  of  injuries  below  the  knee  in  AIS  levels  above  3  is 
not  possible  any  more.  Besides  this  irregularity  the  contact  speed  has  successfully  served 
as  a  means  to  clarify  a  previously  unrecorded  injury  mechanism.  Future  investigations 
should  include  any  attempt  to  determine  vc  more  precisely,  not  only  from  accident  analysis 
using  EES  evaluations,  but  also  experimentally  through  improved  crash  testing.  It  can  be 
expected  that  in  case  of  unbelted  occupants  also  the  severity  of  head/thorax  injuries 
properly  correlates  to  a  contact  speed,  then  being  the  closing  speed  between  upper  body 
regions  and  an  intruding  steering  wheel  or  dashboard. 
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Fig.  2  Foot/lower  leg  injury  severity  versus  contact  speed 
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Table  1  Vehicle  data  of  12  GOCs 
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DISCUSSION 

DR.  LEVINE  (USA) 

These  are  severe  injuries.  1  treat  them.  These  fractures , although  the  AIS  is  only  two  or  three, have  long-term  and 
lifetime  impairments.  These  people  have  painful  joints,  they  spend  months  in  casts,  and  some  do  not  heal. 

These  are  clinically  very  severe,  impairing  injuries,  not  life  threatening,  but  they  impair  people.  Many  people 
will  never  be  the  same  after  a  severe  ankle  fracture.  They  can't  walk  or  run  like  they  could  before. 

AUTHOR’S  REPLY 

We  know  this  from  cases,  and  that  is  the  reason  we  consider  it  to  be  important,  to  be  an  objective  for  the 
automobile  engineer  to  do  something  in  that  area. 

DR.  VON  GIERKE  (USA) 

Would  you  propose  a  similar  treatment  of  the  absorbed  energy,  for  example,  for  a  multiple-impact  helicopter 
crash? 

AUTHOR'S  REPLY 

1  have  no  idea  what  a  helicopter  crash  is ,  except  what  I've  seen  today  at  this  meeting.  It  may  be  that  there 
is  a  way  of  reconstruction  using  some  physical  properties. 

CARNELL  (USA) 

Can  you  give  any  idea  of  why  the  feet  and  legs  were  injured?  Is  it  because  flailing  of  the  feet,  or  loss  of 
living  space  in  the  space  under  the  dashboard?  Or  is  it  just  the  impact  loads  on  the  pedals  themselves?  What  is 
the  cause  of  injury  on  the  lower  extremities? 

AUTHOR'S  REPLY 

It  is  the  impact  with  the  feet  and  pedal  or  footwell  in  these  particular  cases  where  the  rest  of  the  vehicle, 

1  should  say ,  except  a  very  small  mass  continues  its  path  with  only  a  minor  reduction  of  speed.  Whereas  the 
footwell ,  or  the  intruding  of  the  opposing  vehicle  into  the  compartment  is  very  fast .  very  hard ,  high 
peak  and  short  duration  impact . 

DR.  VON  GIERKE  (USA) 

1  guess  the  question  was,  "ts  it  more  the  relative  motion  of  the  feet  or  is  it  more  the 
compression  of  the  free  space?" 

AUTHOR'S  REPLY 

The  mechanism  of  injury  is  about  50-50. 

DR.  VON  G1ERXE  (USA) 

If  the  compartment  would  not  collapse,  would  you  always  have  the  same  ratio" 

AUTHOR'S  REPLY 

No.  You  would  not  have  the  same  contscts  because  we  only  have  analyzed  cases  where  the  driver  was  belted. 

So  that  the  belted  driver  may  have  s  relstlve  motion  of  his  feet  with  respect  to  the  compartment,  but  it  may 
be  attenuated  by  using  a  belt.  If  you  started  a  similar  analysis  with  unbelted  drivers,  1  don't  think  you  obtain  any 
result.  By  using  the  upper  torso  restraint,  the  upper  body  is  protected  and  legs  are  a  significant  remaining  pro¬ 
blem  . 

frisch  (USA) 

In  the  glance -off  situation ,  you  have  a  greater  frequency  of  lower  limb  Injuries  than  you  do  in  frontal 
collisions’’ 

AUTHOR'S  REPLY 

Not  absolutely,  but  relatively;  the  distribution  Is  different. 

FRISCH  (USA) 

Is  that  due  to  the  fact  that  in  a  frontal  impact  the  car  deforms  uniformly  and  you  have  a  breakaway  engine 
and  you  don't  have  the  sideward  intrusion  into  the  vehicle? 

AUTHOR’S  REPLY 

Yes,  we  have  a  tremendous  intrusion  into  the  leg  space  at  a  high  intruaion  speed  in  the  glance-off  situation. 
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ACCELERATION  DAMAGE  TO  THE  BRAIN 

Thomas  A.  Gennarelli,  M.D.  and 
Lawrence  E.  Thibault,  Sc.D. 

Departments  of  Neurosurgery  and  Bioengineering 
University  of  Pennsylvania, 

Philadelphia,  Pa.  19104  U.S.A. 


gummary :  On  the  basis  of  150  primate  experiments  utilizing  controlled  head  acceleration 

the  authors  conclude  that  a  unitary  tolerance  for  head  injury  is  unrealistic.  Rather, 
a  series  of  tolerance  criteria  exist  that  define  two  fundamentally  different  kinds  of 

mechanically  induced  intracranial  injury  -  vascular  and  axonal.  The  mixture  of  these 

two  injury  types  is  largely  determined  by  the  magnitude  and  the  time-history  of  the  loading 
condition  because  of  differences  in  the  material  properties  of  the  vascular  and  axonal 
elements.  The  topographical  distribution  of  the  injured  elements  will  be  determined  by 
the  kinematics  of  the  loading  condition  because  of  assymetries  of  geometry,  anatomy 
and  constitutive  behavior  of  the  intracranial  contents.  In  light  of  these  findings  the 
effect  of  acceleration  on  the  brain  is  presented  for  the  continuum  of  diffuse  brain 
injuries  and  for  acute  subdural  hematoma. 


Acceleration  Damage  to  the  Brain 

In  1974  Ommaya  and  Gennarelli  proposed  an  hypothesis  for  cerebral  concussion  and 
traumatic  unconsciousness.  (1)  (Figure  1A) .  This  hypothesis  suggested  that  cerebral 
concussion  and  prolonged  traumatic  unconsciousness  formed  a  continuum  of  increasingly 
severe  clinical  syndromes  which  were  graded  into  six  varieties.  Our  work  since  that  time 
has  been  targeted  to  a  more  comprehensive  understanding  of  this  continuum  of  injuries 
and  has  placed  special  emphasis  on  the  more  severe  varieties  of  traumatic  unconsciousness. 
This  paper  reviews  our  approach  to  this  problem  and  demonstrates  our  current  concepts 
of  tolerances  of  the  brain  to  acceleration  based  on  results  synthesized  from  150  accelera¬ 
tion  head  injuries  in  a  primate  model  (2-5)  . 
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Cerebral  Concussion  and  Prolonged  Traumatic  Coma:  a  continuum 

The  conceptual  format  for  our  understanding  of  these  injuries  is  presented  in  Figure 
IB.  Thus  it  is  postulated  that  as  the  mechanical  input  to  the  head  and  brain  progressively 
increases,  the  clinical  result  is  that  of  progressingly  more  severe  traumatic  unconscious¬ 
ness.  Thus  very  low  levels  of  trauma  cause  no  injury  whatsoever  but  at  some  point  as 
input  is  increased,  temporary  reversible  neurological  dysfunction  without  loss  of 
consciousness  occurs.  Thus  grades  1,  2,  and  3  in  Figure  1A  are  lumped  together  in  Figure 
IB  under  the  heading  Mild  Concussion  Syndromes.  Further  increases  in  the  mechanical  input 
to  the  head  results  in  transient  reversible  loss  of  consciousness  previously  called  para¬ 
lytic  coma  (Figure  1A)  but  now  called  classical  cerebral  concussion  (Figure  IB) .  As 
mechanical  input  increases  further,  prolonged  traumatic  unconsciousness  occurs  (Grade 
5  and  6  in  Figure  1A) .  Though  clinicians  tend  to  lump  all  such  patients  who  have  prolonged 
unconsciousness  and  no  mass  lesion  under  the  term  "diffuse  brain  injuries"  or  simply 
"diffuse  injuries",  it  is  important  to  recognize  at  least  two  varieties  of  prolonged 
traumatic  unconsciousness.  For  want  of  better  terms,  in  Figure  IB  these  are  called 
diffuse  injury  and  shearing  injury  Diffuse  injury  in  this  scheme  refers  to  those 
patients  who  are  unconscious  for  more  than  24  hours  who  have  normal  motor  responses  while 
shearing  injury  includes  patients  with  prolonged  coma  who  exhibit  inappropriate  decorticate 
or  decerebrate  spontaneous  or  reflexive  motor  movements.  Thus  it  is  clear  from  clinical 
observatins  that  physiological  dysfunction  begins  quite  early  in  this  scheme  (with  the 
mild  concussion  syndromes)  and  progresses  along  the  injury  severity  continuum  so  that 
at  the  end  of  the  spectrum,  patients  with  shearing  injury  have  very  large  amounts  of 
physiological  dysfunction. 

At  the  severe  end  of  the  severity  spectrum  a  characteristic  neuropathological  lesion 
complex  is  well  recognized  and  it  is  therefore  a  reasonable  assumption  that  if  the  clinical 
symptomatology  is  progressively  more  severe  so  must  the  pathological  spectrum.  It  is 
therefore  postulated  that  anatomical  disruption  is  very  minimal  at  some  point  in  this 
spectrum  but  that  it  progressively  increases  until  the  classical  findings  associated  with 
shearing  injury  occur.  These  have  been  described  by  Strich  (6-9)  and  by  Adams  et  al. 

(10-12)  and  include  minimal,  but  highly  significant,  focal  macroscopic  injuries  in  the 
corpus  callosum  and  rostral  brainstem  adjacent  to  the  superior  cerebellar  peduncle.  The 
hallmark  of  this  lesion  is,  however,  the  microscopic  appearance  of  disrupted  axons  manifest 
by  axonal  retraction  balls.  If  survival  is  longer,  microglial  clusters  occur  where  axons 
have  been  injured.  The  distribution  of  axonal  retraction  balls  and  microglial  clusters 
is  widespread  throughout  the  hemispheres  and  brainstem,  hence  a  justification  of  the  term 
diffuse.  Long  survival  is  compatible  with  functional  recovery  to  vegetative  or  severely 
impaired  existence  and  is  associated  with  demyelination  and  long  tract  degeneration. 

That  these  diffuse  brain  injuries  are  important  was  recently  pointed  out  by  Gennarelli 
et  al.  in  a  series  of  1107  severely  head  injured  patients  (13).  Patients  with  prolonged 
traumatic  unconsciousness  of  more  than  6  hours  duration  who  had  no  mass  lesions  comprised 
44%  of  severely  head  injured  patients  and  had  a  mortality  rate  of  32%.  This  mortality 
was  substantially  higher  in  the  shearing  injury  patients  (57%) .  It  was  found  that  the 
patients  with  prolonged  traumatic  unconsciousness  (  >24  hours) ,  because  of  their  high 
incidence  and  because  of  their  high  mortality,  were  responsible  for  32%  of  all  head  injury 
deaths,  a  number  only  exceeded  by  acute  subdural  hematoma.  This  study  demonstrated  that 
subdural  hematoma  and  prolonged  traumatic  unconsciousness  (diffuse  brain  injury)  accounted 
for  more  deaths  than  all  other  head  injury  lesions  combined. 

Development  of  a  Model  of  Prolonged  Traumatic  Unconsciousness: 

Because  of  the  clinical  importance  of  this  group  of  diffuse  brain  injuries,  it  was 
felt  that  an  appropriate  laboratory  model  of  these  injuries  should  be  created  for  further 
in-depth  studies.  In  order  to  do  so,  a  conceDt  of  the  mechanisms  which  cause  head  injury 
was  reviewed  (Figure  2) .  Because  of  the  extreme  complexity  of  clinical  head  injury  it 


Figure  2 


was  thought  most  prudent  to  study  individual  injurious  mechanisms  as  separately  as  possible. 
In  1971  Gennarelli,  Ommaya  and  Thibault  demonstrated  that  cerebral  concussion  could  be 
readily  produced  by  non-impact  inertial  loading  of  the  head  utilizing  angular  acceleration 
only  (2) .  Since  it  was  felt  (Figure  IB)  that  cerebral  concussion  was  along  the  same  contin¬ 
uum  of  injury  as  the  desired  shearing  injury,  it  was  reasonable  to  assume  that  all  that 
had  to  be  done  was  to  increase  the  acceleration  level  above  that  which  causes  cerebral 
concussion  and  diffuse  injury  with  prolonged  unconsciousness  would  result. 

Relation  to  existing  Tolerance  Criteria: 

Our  initial  experiments  proceeded  with  this  concept  in  mind  and  were  based  on  the 
accepted  concept  of  injury  tolerance.  Figure  3A  demonstrates  the  currently  accepted 
injury  tolerance  curve  which  demonstrates  an  acceleration-time  dependence.  The  shape 
of  this  curve  was  initially  generated  by  Gurdjian  and  co-workers  to  represent  a  threshold 
of  "head  injury"  and  was  based  on  three  data  points  from  widely  differing  situations 
(14,  15)  . 


t 


One  data  point  had  a  very  short  pulse  duration  (t) ;  one  data  point  was  near  the  end  of 
the  downslope  of  this  curve  and  one  data  point  was  far  to  the  right  at  the  low  acceleration, 
long  pulse  duration  end  of  the  curve.  These  three  data  points  were  then  connected  to 
form  this  familiar  curve.  The  curve  however  did  have  some  basis  in  mechanics,  since  this 
curve,  in  effect,  provides  for  equivalent  energy  inputs  into  the  head.  Unfortunately, 
the  three  points  comprised  markedly  differing  data:  cadaver  drop  experiments,  impact 
to  dog's  skull,  and  human  acceleration  sled  rides  with  acceleration  measured  on  the  chest 
and  not  the  head. 
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However,  further  workers,  notably  Ommaya  and  Hirsch,  did  provide  a  similar  shaped 
acceleration  time  curve  for  experimental  cerebral  concussion  in  the  sub-human  primate 
(16)  (Figure  3B) .  This  work  however  also  presumed  the  curve  shape,  for  the  data  was, 
in  fact,  limited  to  the  lower  part  of  the  downslope  and  very  first  part  of  the  horizontal 
asymptote.  Nevertheless,  a  tolerance  curve  of  this  shape  became  the  standard  in  the  head 
injury  tolerance  field.  Based  on  this  working  presumption,  we  assumed  that  in  order  to 
create  the  desired  diffuse  and  shearing  injuries  one  had  to  simply  increase  the  accelera¬ 
tion  levels  to  create  the  entire  continuum  of  injury  (Figure  3C) . 

The  Acute  Subdural  Hematoma  (SDH) : 

Based  upon  the  assumption  that  diffuse  injury  and  shearing  injury  were  a  more  severe 
injury  than  concussion,  we  began  to  increase  acceleration  levels  above  those  which  cause 
concussion.  To  our  disappointment  increased  acceleration  levels  at  the  short  durations 
dictated  by  our  injury  apparatus  did  not  create  prolonged  traumatic  unconsciousness. 

There  appeared  to  be  no  prolongation  of  the  relatively  standard  5  to  30  minute  transient 
unconsciousness  of  the  classical  cerebral  concussion.  However  as  acceleration  was  increased 
further,  first  small,  then  quite  massive  subdural  hematomas  were  produced,  ine  size  of 
these  hematomas  was  sufficient  to  cause  prompt  death  of  the  animals  and  careful  neuropatho- 
logical  examination  disclosed  no  evidence  of  internal  brain  injury.  Gross  pathological 
dissection  did  document  the  cause  of  the  subdural  hematoma  however.  This  was  shown  to 
be  due  to  rupture  and  failure  of  the  parasagittal  subdural  bridging  veins.  (17) 


Figure  4A  Figure  4B 


We  therefore  concluded  that  a  tolerance  for  subdural  hematoma  existed  slightly  above 
the  tolerance  threshold  for  concussion  as  depicted  in  Figure  4A.  This  hypothetical 
construct  conformed  to  the  existing  concept  of  brain  injury  tolerances,  but  it  soon 
became  apparent  that  such  a  construct  could  not  be  valid.  The  situation  depicted  in 
Figure  4A  would  demand  that  there  could  nnver  exist  a  shearing  injury  in  the  absence  of 
subdural  hematoma  since  the  threshold  for  subdural  hematoma  was  lower  than  that  for 
shearing  injury.  This  however  could  not  bs  the  case  since  clinical  experience  shows  quite 
readily  that  the  shearing  injury  can  occur  i-  the  absence  of  subdural  hematoma.  It  therefore 
became  obvious  that  a  tolerance  curve  for  su.  dural  hematoma  must  differ  from  the  shape 
of  that  of  concussion  such  as  shown  in  Figure  4B.  In  fact  on  review  of  our  experimental 
data  such  a  tolerance  curve  for  subdural  hematoma  seemed  to  exist.  Our  data  defined  a 
linear  relationship  between  acceleration  and  pulse  duration  that  begins  at  3.5  msec  . 
acceleration  duration  at  1.5  x  105  radians/sec2  and  increases  with  a  slope  of  3  x  10* 
radians/sec  per  millisecond  of  increasing  pulse  duration. 

The  mechanical  reasons  why  this  curve  should  be  so  are  found  in  an  evaluation  of 
the  properties  of  subdural  veins.  Lowenhielm  demonstated  the  viscoelastic  nature  of  the 
subdural  bridging  veins  in  1974  (18,  19).  He  reported  that  subdural  bridging  veins  ex¬ 
hibit  marked  strain  rate  sensitivity,  similar  in  nature  to  the  viscoelastic  behavior  of 
other  biological  tissue.  Thus,  ultimate  strain  to  mechanical  failure  is  low  when  strain 
rates  are  high  and  increases  as  strair  rate  decreases.  Translated  to  the  more  familiar 
acceleration-duration  expression  of  the  head  injury  tolerance  curve,  acceleration  is 
proportional  to  ultimate  strain  to  failure  and  acceleration  duration  is  related  to 
strain  rate  given  the  same  shape  of  the  acceleration-time  history.  Thus  a  tolerance 
curve  for  subdural  hematoma  of  the  shape  shown  in  Figure  4B  is  explainable  by  the 
viscoelastic  nature  of  the  bridging  veins  whose  rupture  cause  the  subdural  hematoma. 

Based  on  Lowenhielm's  data,  a  simplified  mathematical  model  was  exercised  and  a  tolerance 
curve  for  subdural  hematoma  was  achieved  (20).  As  shown  in  Figure  4C,  our  experimental 
data  for  SDH  fall  within  the  zone  predicted  by  this  model. 
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Figure  4C 
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Figure  4D 


Prolonged  Coma  and  Diffuse  Axonal  Injury: 

A  second  hypothetical  construct  to  explain  our  findings  was  then  proposed  and  is 
shown  in  Figure  4D.  Here  the  shape  of  the  tolerance  curves  of  concussion  and  subdural 
hematoma  interact  with  proposed  tolerance  curves  for  diffuse  injury  and  shearing  injury. 

This  allows  a  window  of  acceleration-time  history  that  can  produce  concussion  alone,  sub¬ 
dural  hematoma  alone,  subdural  hematoma  plus  either  diffuse  injury  or  shearing  injury 
and  finally  diffuse  injury  or  shearing  injury  alone.  Through  this  working  hypothesis 
our  acceleration  apparatus  was  modified  to  provide  longer  pulse  duration  (and  lower  strain 
rate)  at  the  same  acceleration  level.  In  increasing  the  pulse  duration,  prolonged  traumatic 
unconsciousness  was  produced  for  the  first  time  in  any  experimental  model.  By  appropriate 
manipulation  of  acceleration-time-direction  of  input,  traumatic  unconsciousness  could 
be  extended  from  the  usual  5  to  30  minutes  to,  at  first,  several  hours  without  any  abnormal 
motor  movements  (diffuse  injury)  and  finally  to  traumatic  unconsciousness  lasting  for 
several  days  accompanied  by  decorticate  and  decerebrate  responses  (shearing  injury) . 

The  neuropathological  observations  in  this  latter  group  of  animals  demonstrated  an  identical 
picture  to  the  shearing  injury  seen  in  human  cases.  That  is,  macroscopic  tears  in  the 
corpus  callosum  and  rostral  brainstem  were  present  in  association  with  widespread  diffuse 
axonal  retraction  balls  in  the  cerebral  hemispheres  and  upper  brainstem.  Thus  the  entire 
spectrum  of  cerebral  concussion  and  traumatic  unconsciousness  (Figure  1A  and  B)  could 
be  in  fact  be  duplicated  in  an  experimental  model. 

Our  current  data  favors  a  model  with  tolerances  such  as  depicted  in  Figure  5A.  This 
can  be  viewed  as  our  specific  hypothesis  and  demonstrates  that  at  acceleration  levels 
which  are  applied  rapidly,  subdural  hematoma  occurs  due  to  rupture  of  bridging  veins  because 
of  their  strain-rate  sensitivity.  At  similar  accelerations  applied  for  longer  time  periods 
the  clinical  syndromes  of  traumatic  prolonged  unconsciousness  (diffuse  injury  and  shearing 
injury)  begin  to  occur.  An  intermediate  acceleration-time  history  will  provide  superimposi¬ 
tion  of  these  two  phenomena  and  an  intermediate  zone  which  results  in  clinical  injuries 
which  have  both  subdural  hematoma  and  evidence  of  axonal  injury.  These  cases  have  been 
reported  by  Clark  (21)  ,  Peerless  (22)  and  others  (23-26)  and  are  prcbably  more  frequent 
if  careful  neuropathological  examination  of  patients  with  subdural  hematoma  were  performed. 
That  our  data  support  this  concept  is  shown  in  Figure  5B. 


Figure  5 A 


Figure  5B 
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It  also  became  apparent  that  one  could  begin  to  generalize  this  specific  hypothesis. 
Since  diffuse  injury  and  shearing  injury  are  parts  of  a  clinical  spectrum  that  correlate 
with  a  pathological  spectrum  of  axonal  injury  manifest  by  increasing  numbers  of  axonal 
retraction  balls,  this  clinical  complex  could  be  viewed  as  differing  amounts  of  the  same 
injury  to  axons.  Since  axons  exhibit  the  same  type  of  viscoelastic  behavior  as  do  subdural 
bridging  veins,  it  is  reasonable  to  assume  that  the  tolerance  curve  shape  would  be  similar 
to  that  of  subdural  hematoma.  This  was  corroborated  in  the  mathematical  model  of  Liu 
who  demonstrated  that  materials  with  different  viscoelastic  properties  all  exhibit  a  similar 
wave  shape  which  differs  only  in  its  placement  on  the  acceleration-time  axis  (27)  .  This 
allows  us  to  conceptualize  the  injury  not  in  clinical  terms  but  in  pathological-mechanical 
terms  and  to  consider  the  diffuse-shearing  injury  tolerance  as  that  of  axons,  to  which 
we  have  applied  the  term  diffuse  axonal  injury  (DAI) . 

That  DAI  does,  in  fact,  have  a  pathological  spectrum  was  recently  confirmed  by  a 
careful  clinical-pathological  examination  of  our  animal  material.  We  therefore  suggest 

that  the  spectrum  of  DAI  is  responsible  for  the  clinical  spectrum  proposed  in  Figure  IB. 
Axonal  injury  without  disruption  would  be  responsible  for  the  lesser  degrees  of  clinical 
injury  (mild  concussion  and  possibly  classical  cerebral  concussion)  while  disruptive  axonal 
injury  causes  the  more  severe  injuries.  (See  also  Figure  7B) 


Current  Co.-.cepts  of  the  Effects  of  Acceleration  on  the  Brain:  Families  of  Head  Injury 
tolerances: 

In  general,  Figure  6A  summarizes  our  current  conceptualization  of  the  effect  of 
acceleration  on  the  brain.  Acceleration  is  the  principal  mechanism  leading  to  the  two 
greatest  causes  of  head  injury  death  and  disability  —  subdural  hematoma  and  diffuse  axonal 
injury.  The  determinants  of  these  injuries  reflect  the  mechanical  properties  of  the 
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injured  elements  -  bridging  veins  and  axons  respectively.  As  a  first  approximation  the 
determinants  are  acceleration  magnitude  and  strain  rate,  the  latter  beig  related  to 
acceleration  duration  if  the  wave  shape  of  the  acceleration-time  histoi  is  constant. 

These  structural  failure  tolerance  curves  interact  wich  a  functional  faxlure  tolerance 
for  reversible  traumatic  unconsciousness  (cerebral  concussion)  to  predict  several  types, 
of  injury  combinations  (as  shown  in  Figure  6A) . 

This  simplified  view  of  injury  tolerances  is,  of  course,  only  an  approximation  and 
kinematic  considerations  can  be  added  to  the  kinetic  considerations  as  shown  diagramati- 
cally  in  Figure  6B.  Thus  axonal  or  bridging  vein  tolerances,  because  of  tissue  inhomogenity 
and  geometric  pecularities ,  will  differ  in  magnitude,  in  location  and  in  relative  preportion 
depending  on  the  direction  of  head  acceleration. 

Fic;ure_7A 


f  (t) 


Furthermore,  we  have  noted  that,  as  our  experimental  model  produced  more  axonal  injury 
and  less  subdural  hematoma,  fewer  and  fewer  contusions  were  present.  The  experimental 
model  in  a  few  instances  did  reproduce  the  transition  zone  where  subdural  hematoma  and 
axonal  injury  are  combined.  This  zone  produced  a  contusional  state  intermediate  between 
the  large  deep  contusions  associated  with  the  pure  subdural  nematoma  and  the  virtually 
non-existant  contusional  state  which  accompanied  severe  DAI.  Thus  Fiqure  7A  is  a  qcneral 
hypothesis  of  head  injury  which  generalizes  the  subdural  hematoma  curve  to  include  all 
blood  vessels  of  the  brain  and  the  DAI  curve  to  represent  diffuse  axonal  injury  in  general. 
This  general  hypothesis  then  explains  not  only  the  three  conditions  of  pure  subdural  hema¬ 
toma,  pure  axonal  injury  and  a  combination  of  both,  but  it  also  demonstrates  that  vascular 
elements  that  are  disrupted  within  the  brain  (causing  contusions)  may  follow  a  similar 
injury  tolerance  curve  as  do  the  subdural  bridging  veins.  Thus  Figure  7A  becomes  our 
current  formulation  of  head  injury  mechanisms  in  kinetic  terms.  It  can  be  related 
to  Figure  7B  where  a  zone  of  functional  failure  occurs  without  obvious  structural  disruption. 
Clinically  this  corresponds  to  the  mild  concussion  syndrome  and  perhaps  some  of  the  classi¬ 
cal  cerebral  concussion.  Soon  however,  if  the  appropriate  acceleration-time  history  is 
delivered  to  the  head,  structural  failure  begins,  either  of  the  axons  or  of  the  blood 
vessels.  If  the  acceleration-time  history  is  appropriate,  pure  axonal  injury  begins  and 
causes  the  more  severe  types  of  cerebral  concussion  and  prolonged  unconsciousness  of  either 
the  diffuse  injury  (moderate  DAI)  or  shearing  injury  (severe  DAI)  clinical  types.  As 
these  occur,  structural  failure  increases  in  magnitude  to  the  point  where  the  classical 
injury  described  by  Strich  and  Adams  et  al.  occurs.  Thus  the  spectrum  of  diffuse  brain 
injuries  can,  in  fact,  occur  with  the  appropriate  loading  conditions.  In  the  general 
hypothesis  the  precise  tolerance  shapes  are  not  yet  known  and  are  yet  to  be  determined. 
Similarly,  the  precise  function  of  'celeration  and  of  time  which  best  fit  this  hypothesis 
need  to  be  further  investigated.  qimuSI  main  iNiUtils 
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DR.  VON  GIERKE  (USA) 


DISCUSSION 


You  spoke  about  a  very  controlled  inertia  loading  input,  but  if  I  understand  the  set  up  correctly,  you  have 
the  bending  of  the  spinal  cord  involved.  This  has  been  shown  to  be  potential  input  to  concussion  which  is  called 
acceleration  concussion,  but  the  focus  is  in  the  bending  speed  of  the  spinal  cord  and  not  cerebral. 

AUTHOR'S  REPLY 

I  think  that  it  will  still  be  many ,  many  years  before  the  focus  or  location  of  concussion  is  agreed  upon  by  all. 
What  we  can  tell  you  is  that  when  we  increase  the  input  that  we  see  the  axonal  pathology  that  I  demonstrated  in 
the  white  matter  of  the  hemispheres  in  the  upper  brain  stem;  but  even  under  microscopic  examination,  we  do  not 
see  it  in  the  cervical  spine.  One  would  anticipate  that  if  the  cervical  spine  was  the  first  thing  to  be  injured,  then 
as  one  increases  the  impact  energy ,  we  would  expect  to  see  something  in  the  area .  I  certainly  agree  that  the 
influence  of  the  cervical  spina!  cord  may  have  quite  a  bit  to  do  with  brain  injury. 

UNIDENTIFIED  QUESTIONER 

You  didn't  say  what  kind  of  animal  you  used? 

AUTHOR'S  REPLY 

We  used  the  baboon  because  of  the  brain  size ,  but  we  have  used  squirrel  monkeys ,  rhesus  monkeys ,  and 
various  species.  We've  not  used  subprimates. 

DR.  UNTERHARNSCH1EDT  (USA) 

We  propose  a  family  of  at  least  three  different  concussion  types.  1  think  before  I  discuss  this,  1  present  my 
paper,  and  we  can  discuss  this  with  questions  later  . 
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Summary 

Acute  subdural  hematoma  and  diffuse  axonal  injury  have  been  shown  (1)  to  be 
responsible  for  the  large  majority  of  deaths  and/or  disabilities  associated 
with  head  injuries.  In  order  to  develop  a  set  of  criteria  which  describe  the 
tolerance  of  the  head  to  mechanical  loading  (and  thereby  gain  better  insight 
into  methods  of  protection)  it  appears  that  it  is  necessary  to  describe,  and 
to  understand  discretely  the  behavior  of  those  components  which  constitute 
the  intracranial  contents.  Specifically,  the  behavior  of  the  vascular  and 
neuronal  elements  under  dynamic  loading  conditions  needs  to  be  further  el- 
lucidated. 

Physical  ard  animal  experimental  models  conducted  in  conjunction  with  iso¬ 
lated  tissue  studies  will  then  permit  us  to  relate  the  more  macroscopic 
phenomena,  such  as  the  input  force-time  history  or  kinematical  response 
of  the  head,  to  the  variation  of  the  field  parameters  within  the  intracranial 
vault  and  the  concomitant  changes  in  neurophysiology  and  neurohistology. 


Introduction 


A  well  distributed  impulsive  load  or  an  almost  purely  inertial  loading  con¬ 
dition  applied  to  the  head  can  produce  a  broad  spectrum  of  injury  modalities. 
The  specific  nature  of  these  acceleration-induced  brain  injuries  and  the 
associated  pathophysioloqical  consequences  can  often  be  described  in  terms 
of  failure  o^  the  discrete  tissue  elements  which  constitute  this  structure. 

In  order  tc  be  able  to  protect  the  intracranial  contents  from  damage  it  is 
essential  that  those  loading  conditions  which  are  responsible  for  the  high 
incidence  of  mortality  and  morbidity  are  well  defined  and  that  the  relation¬ 
ships  between  the  generalized  mechanical  input  conditions  and  the  resulting 
variations  in  the  field  parameters  are  understood.  Once  the  spatial  and 
temporal  variations  in  the  strain  for  example  can  be  determined  as  a  function 
of  the  loading  it  is  then  possible  to  examine  a  set  of  relevant  failure 
criteria  for  the  Isolated  tissue  components.  This  report  presents  a  three 
phase  approach  directed  toward  achieving  these  goals. 

Figure  1.  shows  in  diagramatic  form  the  elements  of  the  subject  study.  The 
first  phase  consists  of  a  series  of  primate  experiments  in  which  a  system  has 
been  developed  with  the  capability  of  producing  those  forms  of  injury  which 
result  in  the  highest  rates  of  mortality  and  morbidity  (acute  subdural  hema¬ 
toma  and  diffuse  axonal  injury).  The  loading  conditions  in  this  experiment 
can  be  finely  controlled,  i.e.,  the  acceleration  amplitude,  pulse  duration 
and  rise  time  are  adjustable  and  the  kinematical  conditions  such  as  center  of 
rotation,  axis  of  rotation  and  degree  of  angular  excursion  can  be  independently 
adjusted.  The  details  of  these  experiments  and  the  sensitivity  of  the  animal 
model  to  the  parameters  mentioned  will  be  discussed. 

The  second  phase,  which  is  designed  to  provide  the  necessary  data  to  relate 
the  input  loading  to  the  variation  in  the  field  parameters,  is  an  experimental 
study  of  physical  models  of  the  skull  and  surrogate  brain  under  identical 
loading  conditions  that  the  animal  model  experiences.  These  data  can  also 
serve  to  validate  existing  mathematical  models  and  to  perhaps  provide  neces¬ 
sary  scaling  information  to  be  able  to  transfer  findings  from  the  subhuman 
primate  studies  to  man. 


The  third  phase  of  the  program  is  designed  to  investigate  the  sensitivity  of 
isolated  vascular  and  neuronal  tissue  elements  to  mechanical  deformation. 
Failure  of  these  tissue  components  in  response  to  mechanical  deformation  is 
no*-  r“s*-ri-iod  to  the  more  classical  engineering  failure  criteria,  which  are 
structural  in  nature,  but,  must  include  functional  changes  in  these  living 
systems.  Isolated  neural  tissue  studies  will  be  discussed  in  this  context. 
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Figure  1 


Methods 


Angular  acceleration  of  the  head  was  first  used  by  Unterharnscheidt  (2)  to  pro¬ 
duce  controlled  forms  of  head  injury  in  the  primate.  Subsequently,  this  model 
was  extended  to  discretely  examine  cerebral  concussion  (3),  (4)  and  more 
recently,  subdural  hematoma  (5).  In  all  cases  the  head  was  captured  rigidly 
by  a  fixture  and  the  driving  mechanism  produced  an  angular  acceleration  which 
was  restricted  to  the  sagittal  plane.  Further,  the  acceleration  waveforms  were 
relatively  symmetric  with  respect  to  the  acceleration  and  deceleration  phase. 
The  pulse  durations  in  most  cases  were  less  than  4  msec  and  the  rates  of  onset 
were  approximately  106  g’s  per  second  and  greater. 

The  system  described  herein  is  capable  of  shaping  the  acceleration-time  history 
of  the  load  and  extending  the  deceleration  phase  pulse  duration  to  beyond 
10  msec.  The  device  is  also  designed  to  produce  a  variety  of  kinematical  con¬ 
ditions  with  respect  to  the  head  motion.  We  believe  that  because  of  the  asym¬ 
metry  of  the  head/neck  structure  this  will  undoubtedly  alter  the  resulting 
variation  in  the  field  parameters. 

The  prime  mover  used  in  this  system  is  a  six-inch  diameter  HYGE  R  linear 
actuator  (Consolidated  Vacuum  Corp. ,  U.S.A.).  The  Hyge  design  permits  wave 
shaping  by  modifying  the  internal  acceleration  and  deceleration  metering  pins. 
The  normal  stroke  of  this  unit  is  six  inches.  The  design  modifications  to  the 
standard  Hyge  unit  include:  decreased  stroke  length  to  3.25  inches  by  modifying 
the  deceleration  pin  length,  redesign  the  acceleration  pin  contour  to  increase 
terminal  velocity  and  thereby  compensate  for  decreased  stroke  length,  and 
finally,  redesign  of  the  deceleration  pin  contour  to  control  deceleration  phase 
oulse  duration.  Figure  2.  depicts  the  system  in  schematic  form.  The  cut-away 
view  of  the  Hyge  actuator  shows  the  thrust  column,  piston,  acceleration  and 
deceleration  metering  pins.  The  unit  is  coupled  to  a  linkage  which  converts 
the  translational  motion  of  the  thrust  column  into  an  angular  motion  of  the 
fixture  which  rigidly  supports  the  head.  In  the  case  shown  the  motion  is  re¬ 
stricted  to  the  sagittal  plane.  The  linkage  assembly  is  fabricated  primarily 
from  titanium  for  high  strength  to  weight  ratio.  Relatively  simplp  alterations 
prior  to  an  experiment  permits  one  to  vary  the  center  of  rotation  and  the 
deqree  of  angular  excursion  indeoendently.  Also  shown  in  the  figure  are  two 
calibration  curves  where  the  "set  pressure"  (the  pressure  on  the  downstream 
face  of  the  oiston)  is  varied  to  determine  the  peak  deceleration  amplitude. 

The  two  curves  represent  two  different  meterinq  pin  contours,  both  of  which  are 
half  sines  with  deceleration  pulse  durations  of  approximately  8  and  11  msec. 

As  can  be  seen  the  deceleration  amplitude  is  a  linear  function  of  the  set- 
pressure  on  the  system. 
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Figure  2 


Acceleration  measurements  are  made  using  piezoelectric  accelerometers  and 
appropriate  amplifiers  and  recording  system  (ENDEVCO,  U.S.A.).  The  accelero¬ 
meters  are  fastened  to  the  linkage  in  such  a  way  that  the  sensitive  axis  is 
oriented  ttngentially  at  a  fixed  radial  location.  The  animal’s  head  is  cap¬ 
tured  into  a  helmet  by  using  dental  cement  as  a  potting  compound.  The  head 
location  and  orientation  is  fixed  relative  to  the  helmet  with  the  aid  of  ear 
canal  pins.  The  helmet  is  then  attached  to  the  kinematic  linkage. 

Figure  3  shows  a  typical  acceleration  time  history  experienced  by  the  animal 
model.  As  can  be  seen  the  acceleration  and  deceleration  phases  are  approx¬ 
imately  sinusoidal  but  asymmetric  with  respect  to  amplitude  and  duration. 

The  deceleration  amplitude  in  this  case  is  approximately  1700  g's  at  the 
transducer  which  translates  into  1150  g's  at  the  center  of  mass  of  the  brain 
and  It  is  directed  tangentially.  The  pulse  duration  of  the  deceleration 
phase  In  this  case  is  approximately  8  msec  with  a  rate  of  onset  of  2.8  x  lO^g's 
per  second.  As  discussed  previously,  this  loading  can  be  applied  in  the  rfx, 

Wy  or  directions.  In  these  experiments  the  Wx  and  directions  were  used 
exclusively  w-th  the  center  of  rotation  in  both  cases  located  at  approximately 
T-l,  the  first  thoracic  vertebral  element. 

Conventional  physiological  monitoring  is  performed  and  supplemented  with 
neurological  and  behavioral  examinations.  The  somatosensory  evoked  response 
using  median  nerve  stimulation  is  measured  bilaterally  with  the  aid  of  a 
PDP-il  (Digital  Eguipment  Corp.,  U.S.A.)  computer. 
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Phase  II  of  the  study  focuses  on  the  experimental  determination  of  the  field 
parameters  utilizing  physical  models  of  the  baboon.  The  models  are  constructed 
by  taking  sagittal,  coronal  or  horizontal  sections  through  a  baboon  skull, 
thereby  obtaining  a  geometrically  accurate  boundary.  A  surrogate  brain 
material  (Sylgard  dielectric  gel,  Dow  Chemical)  is  cast  into  the  skull  sec¬ 
tions.  This  material  is  optically  transparent  and  can  be  cast  in  layers 
which  adhere  upon  curing.  On  any  given  layer  a  grid  may  be  printed  to  provide 
a  means  of  measuring  displacement  of  the  elements  of  the  plane  of  interest. 

The  physical  models  are  then  subjected  to  the  identical  loading  condition  as 
the  animal  model.  High  speed  photography  of  the  physical  models  is  obtained 
using  a  HYCAM  camera  at  4000  frames  per  second.  Again,  these  models  can  be 
run  in  the  sagittal,  lateral  or  torsional  modes  similar  to  the  animal  model. 

Phase  III  of  this  study  is  designed  to  investigate  the  mechanical  properties 
of  isolated  neural  and  vascular  tissue,  though  the  primary  emphc.sis  here  will 
be  placed  or.  the  former.  The  intention  is  to  develop  a  set  of  failure  crite¬ 
ria  for  isolated  tissue  which  may  be  described  in  structure  and/or  functional 
terms . 

A  system  has  been  developed  which  is  capable  of  applying  either  axial  or 
torsional  loads  to  an  isolated  nerve  fiber  while  monitoring  the  compound 
action  potential  elicited  by  electrical  stimulation.  Desirable  features  of 
this  system  include:  an  atraumatic  method  of  gripping  the  fiber  which  provides 
uniform  load  distribution  at  the  point  of  attachment,  a  suitable  environmental 
condition  in  order  to  maintain  a  viable  tissue  preparation,  the  ability  to 
obtain  any  desired  initial  state  of  fiber  strain,  a  method  to  produce  a  pro¬ 
grammable  displacement-time  history  of  the  movable  fiber  end,  and  last  a 
monitoring  system  for  both  the  mechanical  and  physiological  variables.  This 
system  is  shown  in  block  diagram  form  in  Figure  4.  The  system  in  essence  is  a 
miniature  materials  testing  machine,  capable  of  applying  loads  from  static 
conditions  to  relatively  high  strain  rates.  The  displacement  is  measured 
optically  with  an  MTI-KD-100  Fotonic  Sensor  which  provides  a  non-contact,  high 
frequency  response  method  of  obtaining  strain  and  strain  rate.  The  load  is 
measured  by  a  Statham  UC  2  "Green  Cell"  (±  30  gm, t  .06  mm)  force  tranducer 
and  amplifier.  The  load  cell  is  attached  to  the  stationary  end  of  the  nerve 
fiber  fixture  and  is  relatively  isometric  as  can  be  seen  from  the  above 
specifications.  The  physiological  instrumentation  includes  a  Grass  Stimu¬ 
lator  Model  f'98,  Isolation  Unit  S105A  and  Physiological  Amplifier  P511J.  A 
record  of  the  compound  action  potential  was  obtained  by  periodically  photo¬ 
graphing  the  CRT  trace  from  a  Tektronix  Oscilloscope. 


Figure  4 


Depicted  in  Figure  5  is  the  aoparatus  which  was  developed  to  apply  the  loading 
to  the  nerve  fiber.  The  nerve  is  attached  to  a  pair  of  plattens  by  adhesive 
(cyanoacrylate)  at  the  edge  of  each  platten.  The  section  of  nerve  between 
these  points  of  attachment  defines  the  gage  length  of  the  fiber.  The  olattens 
are  attached  co  the  load  cell  on  one  end  and  the  actuator  on  the  other.  The 
load  cell  end  'an  be  moved  statically  through  a  spring-loaded  micrometer  drive 
and  toe  gauge  length  of  the  fiber  can  therefore  be  adjusted  over  the  range  of 
zero  to  four  centimeters.  The  actuator  consists  of  an  audio  speaker  (Poly 
Paks,  Inc.)  and  linkage  which  attaches  to  the  mo’ able  platten.  The  linkage 
design  produces  either  axial  or  torsional  displacement  of  the  movable  platten. 
The  audio  speaker  is  driven  by  a  waveform  generator  and  an  emitter-follower 
circuit.  The  amplitude  of  the  displacement  and  the  pulse  duration  and  rise 
time  are  adjustable.  This  system  can  be  operated  in  a  single  shot  or  oscil¬ 
lating  mode. 

Contained  within  the  plattens  are  pairs  of  stimulating  and  recording  electrodes 
for  the  electrophysiological  studies.  Once  a  nerve  fiber  is  bonded  in  place 
the  electrodes  are  insulated  with  petrolatum.  Both  plattens  are  contained 
within  a  well  assembly  which  is  filled  with  a  solution  consistina  of  205  mM 
Na  Cl,  20  mM  CsCl,  5  mM  K<~1  and  5  mM  Trizma  (7.50),  adjusted  to  pH  7.55.  All 


The  solution  temper- 
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chemicals  were  obtained  from  Sigma  Chemical,  St.  Louis, 
ature  was  approximately  15°C. 


The  fiber  selected  for  study  was  the  spinal  cord  of  the  crayfish  (cambarus). 
The  preparations  used  were  approximately  6  cm  in  length  containing  four  giant 
axons  approximately  60  microns  in  diameter.  The  crayfish  were  obtained  from 
Monterey  Bay  Hydrocultural  farms. 


ACTUATOR 


Figure  5 


Results 


Figure  6  represents  a  summary  of  68  animal  experiments  conducted  using  the  HYGE 
device  with  modifications  described  herein.  In  all  cases  the  animals  were  con¬ 
cussed  to  varying  degrees  of  severity.  The  symbols  (X)  indicate  subdural 
hematoma,  (•)  indicate  mild  to  moderate  concussion,  and  (O)  indicate  prolonged 
unconsciousness  for  periods  up  to  six  weeks.  Also  shown  are  the  results  of 
two  analytical  expressions  which  predict  concussion  threshold.  The  solid 
line  is  the  result  of  an  analytical  model  of  Hyashi's  (6)  and  the  more  con¬ 
servative  dashed  line  is  that  of  Bycroft’s  (7).  Both  models  seem  to  agree 
with  the  exofrimental  data  if  the  end  point  determination  is  to  be  some 
degree  of  cerebral  concussion.  However,  it  is  important  to  note  that  there 
exist  three  subsets  of  data  within  the  experimental  population.  Those  animals 
which  experienced  subdural  hematoma  were  subjected  to  high  rates  of  onset  of 
acceleration  (of  the  order  of  106  g’s  per  second)  while  all  other  animals 
experienced  approximately  10$  g's  per  second.  This  can  be  accomplished  with 
a  variation  of  the  metering  pin  configuration  as  discussed  previously.  An¬ 
other  distinction  can  be  drawn  between  those  animals  which  were  run  in  the 
purely  sagittal  plane  (•)  which  correlate  with  mild  to  moderate  concussion 
and  reduced  rate  of  onset  of  acceleration,  and  those  animals  which  were  run 
in  a  lateral  or  oblique  mode  (0)  which  correlate  with  prolonged  unconscious¬ 
ness.  The  latter  group  was  also  subjected  to  reduced  rate  of  onset  of  accel¬ 
eration  . 

It  is  therefore  suggested  that  specific  injury  modalities  exist  either  inde¬ 
pendently  or  in  concert  with  one  another  and  that  tolerance  levels  for  each 
injury  mechanism  may  be  different.  High  rates  of  onset  of  acceleration 
suggest  that  high  strain  rates  may  be  generated  and  therefore  the  viscoelastic 
properties  of  the  discrete  elements  (vascular  and  neural)  must  be  taken  into 
account.  Direction  of  the  angular  acceleration  relative  to  an  anatomical 
coordinate  system  may  indeed  influence  the  relative  magnitudes  of  the  components 
of  the  strain  tensor  since  the  brain  is  asymmetric,  inhomogenous  and  perhaps 
anisotropic . 
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rD  Pulse  Duration  (ms) 

Figure  6 


In  the  case  of  subdural  hematoma  one  may  view  these  data  in  a  slightly  different 
fashion.  Figure  7  depicts  the  head  subjected  to  an  angular  acceleration  in 
the  sagittal  plane.  The  parasagittal  bridging  veins  which  couple  the  brain 
and  skull  undergo  an  elongation  which  is  proportional  to  the  relative  angular 
displacement  between  the  brain  and  skull.  If  the  deceleration  phase  of  the 
loading  is  symmetric  with  respect  to  time  then  the  rise  time  of  the  deceleration 
pulse  may  be  related  to  the  strain  rate  which  is  experienced  by  the  parasagittal 
bridging  vein.  It  has  been  shown  by  Lowenhielm  (8)  that  these  vessels  exhibit 
a  markedly  viscoelastic  response  to  mechanical  loading.  As  characterized  by 
Lowenhielm,  the  ultimate  strain  to  failure  decreases  by  almost  one  order  of 
magnitude  as  the  strain-rate  is  increased  from  zero  to  three  hundred  sec"1. 

If  this  experimental  data  is  applied  to  the  elastic  case  developed  by  Hyashi 
it  is  possible  to  incorporate  the  strain-rate  dependence  of  the  bridging  vein 
into  a  tolerance  curve  for  subdural  hematoma.  This  result  is  depicted  in 
Figure  8. 


Figure  8 


The  difference  in  tne  physiological  responses  of  the  animals  subjected  to 
sagittal  and  lateral  plane  accelerations  can  be  seen  in  the  somatosensory 
evoked  response  changes.  These  differences  are  shown  in  Figure  9.  The  evoked 
response  returns  to  normal  in  the  first  5  minutes  ( post- trauma )  in  the  case 
of  the  sagittal  experiment,  while  the  evoked  response  remains  absent  through 
30  minutes  in  the  case  of  the  lateral  plane  acceleration.  These  experiments 
were  conducted  at  comparable  levels  of  acceleration  and  pulse  duration  (approx¬ 
imately  900  g's  peak  tangential  deceleration  at  the  center  of  mass  of  the  brain 
with  8  msec  pulse  duration).  The  only  parameter  which  is  different  in  the  two 
cases  is  the  direction  of  the  angular  acceleration. 


Figure  9 
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These  exoer ’.merits  suggest  that  it  is  not  sufficient  to  describe  an  injury 
tolerance  level  only  in  ter..is  of  the  peak  or  average  acceleration  and  the 
duration  of  the  acceleration  pulse,  but  that  the  pulse  shape  and  direction  of 
the  acceleration  vector  need  to  be  included. 

The  physical  model  experiments  provide  a  method  of  determining  the  field 
parameters  and  their  spatial  and  temporal  variation  as  a  function  of  the 
mechanical  input  conditions.  Once  these  data  are  obtained  from  the  physical 
model  studies  it  becomes  possible  to  test  the  isolated  tissue  preparations 
in  order  to  develop  a  rational  set  of  failure  criteria  for  vascular  and 
neuronal  elements  which  are  consistent  with  the  loading  conditions  experienced 
in-situ . 

These  resulting  deformations  can  then  be  applied  to  the  isolated  tissue  and 
a  evaluation  of  the  tissue  response  from  both  a  structural  and  functional  point 
of  view  can  be  made.  The  system  to  perform  these  tests  has  been  described 
previously . 

Figure  10  shows  the  calibration  curve  of  the  optical  displacement  transducer 
which  is  used  to  determine  the  strain  and  strain-rate  experienced  by  the  tissue 
specimen. 


Figure  10 


The  transducer  is  displaced  from  the  moving  target  by  a  "stand-off"  distance 
of  2.0  mm  wM  oh  produces  a  full  scale  output  of  10.0  volts.  This  voltage 
decreases  with  platten  displacement  and  is  linear  (r»  .9971)  over  the  range 
of  zero  to  3.8  mm.  Also  shown  in  the  figure  are  typical  displacement  waveforms 
representative  In  terms  of  amplitude  and  waveshape  of  those  used  during  the 
study.  The  maximum  strain  rate  used  thus  far  is  approximately  300  se<?*,  with 
maximum  strains  of  125%.  The  waveforms  shown  represent  displacements  of  0.8, 

2.0,  3.6  and  4.7  mm  with  pulse  durations  of  approximately  12  ms. 

When  the  fioer  is  dissected  free  and  ligated,  it  is  transferred  into  the  plattens 
of  the  apparatus  where  electrical  stimulation  and  physiological  recording  are 
performed  to  establish  fiber  viability  and  baseline  (control)  conditions. 

The  cyanoacrylate  adhesive  is  then  applied  and  recording  continues  in  order 
to  measure  any  time  varying  toxic  effects.  Fibers  in  this  study  have  been 
monitored  for  up  to  2^  hours  with  no  adverse  effects  observed  as  a  result  of 
manipulation  or  bonding  to  the  plattens. 

Figure  11a  shows  the  results  of  an  experiment  which  subjected  the  nerve  fiber 
to  a  high  strain  rate  uniaxial  extension.  The  baseline  compound  action  poten¬ 
tial  is  recorded  prior  to  loading  the  specimen.  Sequentially  the  next  signal 
was  obtained  at  30  sec  post  injury  while  continuing  to  stimulate  the  fiber  with 
3  volts,  duration  60^isec  at  1  Hz.  The  action  potential  in  this  case  was  vir¬ 
tually  obliterated.  The  next  signal  obtained  at  1.5  min  shows  spontaneous 
recovery  where  the  signal  amplitude  is  200  mV  with  a  latency  of  6  ms.  Figure 
lib  shows  a  similar  experiment  where  the  level  of  strain  was  increased.  Con¬ 
trol  compound  action  potential  is  shown  with  amplitude  200  mv  and  a  latency 
of  4  ms.  Tne  next  signal  is  again  approximately  30  sec  post  injury  with  no 
response  to  stimulus.  The  third  signal  shown  is  representative  of  the  condition 
which  persisted  at  20  min.  Under  this  loading  condition  (80%  strain,  strain 
rate  250  sec”*)  the  fiber  did  not  recover.  This  fiber  did  not  show  macroscopic 
signs  of  structural  damaqe  which  we  have  shown  to  occur  at  approximately  150  % 
strain  in  this  preparation  at  comparable  levels  of  strain  rate. 

t 
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STIMULUS  STIMULUS 


a . 

Figure  11 


b. 


Discussion 


In  order  to  develop  rational  criteria  fcr  injury  to  the  structures  of  the  head 
and  neck  when  subjected  to  a  variety  of  mechanical  loading  conditions,  it  is 
necessary  to  understand  how  these  loads  translate  into  the  spatial  and  temporal 
variation  of  the  field  parameters  such  as  strain,  and,  then,  to  determine  what 
the  structural  and/or  functional  failure  criteria  are  for  the  component  tissues 
in  terms  of  these  parameters. 

In  this  study  it  has  been  shown  that  controlled  inertial  loading  can  produce 
subdural  hematoma,  mild  to  moderate  concussion  and  prolonged  coma  with  con- 
commitant  diffuse  axonal  injury.  These  injuries  may  be  dependent  upon  the 
amplitude  of  the  acceleration,  the  pulse  duration,  the  rise  time  (which  is 
proportional  to  the  strain-rate)  and  the  direction  of  the  acceleration  vector 
with  respect  to  the  anatomical  reference  system.  Physical  model  studies 
promise  to  provide  insight  into  the  details  of  the  strain  field  in  this  regard. 

It  has  also  been  shown  that  the  ability  of  the  isolated  neural  tissue  element 
to  propagate  electrical  signals  can  be  Impaired  in  a  reversibl  or  Irreversible 
manner  depending  upon  the  levels  of  strain/strain-rate  imposed.  It  is  important 
to  notethat  this  functional  response  occurs  before  the  nerve  fails  completely 
in  a  structural  sense.  The  mechanism  by  which  the  normal  electrophysiology 
is  disrupted  is  not  known  and  remains  an  area  of  great  interest  to  the  authors. 
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UNIDENTIFIED  QUESTIONER 


DISCUSSION 


(Non  transeribable  sentence) . 

DR.  GENNARELLl'S  (USA)  REPLY  TO  ABOVE  QUESTION 

The  first  question  was  whether  the  cerebral  bridging  veins  could  rupture  in  the  lateral  mode.  The 
answer  is  certainly ,  yes.  If  we  deliver  roughly  the  same  wave  shape  in  terms  of  posturation  and  am¬ 
plitude  in  the  lateral  direction,  we  will  also  rupture  bridging  veins.  They  will  be  different  bridging 
veins  than  the  parasagittal  bridging  veins.  As  best  we  can  tell,  no  difference  exists  in  the  mechanical 
tolerance  of  the  different  veins.  The  second  question  was  whether  the  intracranial  pressure  that  occurs 
after  injury  ehanges  the  viscoelastic  properties  of  the  veins.  1  don't  know.  We're  talking  of  the  slide 
that  Dr.  Thibault  showed  of  post-impact  intracranial  pressure,  not  the  instantaneous  intracranial  pressure, 
that  Dr.  Ward  showed  yesterday .  We're  talking  about  pressure  that  is  probably  due  to  venus  congestion; 
the  cause  of  the  high  pressure  is  probably  distention  of  the  veins  and  in  our  model  does  not  occur  instan¬ 
taneously ,  but  only  after  several  seconds  after  injury.  So  we  feel  that  if  the  vein  is  going  to  rupture,  it 
will  rupture  in  the  first  few  milliseconds  after  the  injury  depending  on  the  mechanical  input  rather  than 
later.  It  may  bleed  more  or  less. 

AUTHOR'S  COMMENT 

We  are  interested  in  also  looking  at  a  functional  criteria  for  the  bridging  vein  so  to  speak .  We  believe 
it  may  be  possible  that  if  the  vein  is  subjected  to  a  transient  uniaxial  extension,  that  it  may  in  fact,  dilate 
in  response  to  that  mechanical  input,  but  not  fail.  At  levels  of  strain  below  which  it  would  ordinarily  fail, 
it  still  may  have  a  functional  response,  a  basic  dilatation,  which  may  have  an  associated  relaxation  time 
constant. 

UNIDENTIFIED  QUESTIONER 

From  what  you  said,  1  think  there  are  two  different  phenomenon.  First  of  all,  the  dilatation  phenomenon 
which  is  a  physiological  one.  1  believe  the  primary  phenomenon  is  related  to  a  hypertension,  even  a 
small  one.  but  must  exist  due  to  the  flexion  of  the  head.  The  median  parasinoidal  characteristics  of  the 
vein  change  from  flat  to  cylindrical  and  are  probably  much  more  sensitive  to  a  possible  rupture.  This  is  the 
primary  phenomenon.  It's  a  purely  mechanical  phenomena,  at  lenst  I  think  so. 

DR.  GENNA RF.LL1  (USA) 

1  ugree  that  the  bridging  veins  may  be  under  different  geometric  configurations  to  begin  with, 
and  that  certainly  accounts  for  what  we  call  biological  variability  in  experiments;  however,  we  feel 
that  we  need  more  data  to  prove  that .  The  primary  cause  of  increased  intracraniul  pressure  shown 
by  Dr.  Thibault  is,  in  fact,  the  increased  blood  pressure  and  the  blood  pressure  is  the  primary 
response  to  the  acceleration  forces  and  bending  of  the  neck.  etc.  The  intracranial  pressure  is  a  rcflec 
tion  of  the  increased  blood  pressure  beeause  of  basal  dilation  or  loss  of  cerebral  uutorcgulation.  We 
believe  this  is  the  mechanical  response  of  the  blood  vessels  to  injury .  just  as  lack  of  propagation  of 
action  potential  is  a  response  of  the  neuroeleincnt  to  injury.  Much  more  data  is  necessary  to  prove  that. 

DR.  WARD  (USA)  QUESTION  INADVERTENTLY  NOT  RECORDED. 

AUTHOR'S  REPLY 

We  are  in  the  process  of  doing  dynamic  testing  on  both  brain  tissue  and  with  the  dialectric  gel. 

The  gel  is  strain  rate  sensitive.  Whether  or  not  we  can  match  the  viscoelastic  properties,  i.e.  .  the 
relaxation  modulus  characterization .  we  have  not  yet  been  able  to  determine.  We  feel  confident  beeause 
you  can  vary  the  catalyst  in  u  gel  and  change  the  gel  elastic  modulus  three  orders  of  magnitude.  We  also 
see  variations  in  the  viscoelastic  properties.  So  we  think  we’l!  be  able  to  do  them. 

DR.  UNTE1UIARNSC11EIDT  (USA) 

First,  1  wish  to  eongrutu.atc  Dr  Thibault  and  Ur.  (lennai elli  on  their  very  fine  and  solid  experi¬ 
ment  work.  Which  technique  did  you  use  for  the  axon  staining  technique?  1  would  like  to  comment 
that  we  should  take  into  consideration  that  bridging  veins  have  a  tremendous  variation  in  anatomy 
and  in  the  location  from  animal  to  animal  and  man  to  man. 

DR.  GKNNAREI.LI  (l'SA)  COMMENT 


These  photomicrographs  that  Dr.  Thibault  showed  of  the  nerve  cord  of  the  crayfish  were  performed 
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in  our  peripheral  nerve  laboratory ,  not  in  our  own  laboratory  .  These  were  semi-thin  cut  sections  of  acrylic- 
embedded  nerve.  1  plead  ignoranee  to  the  particular  stain  that  was  used.  The  material  was  fixed  in  situ, 
in  glutaraldehyde  while  under  load,  and  then  was  prepared  in  the  standard  fashion  ferperiph aral  nerve  material. 
I  don't  know  the  particular  membrane  stain  that  was  used .  Actually  .  the  morphologist  who  did  the  work  with  us 
was  much  more  convinced  than  perhaps  was  apparent ,  that  those  were  real  and  not  artifactual  changes .  He  has 
had  considerable  experience  with  this  particular  fixation  preparation  method  in  human  and  other  animal  peri¬ 
pheral  nerves ,  and  has  never  seen  the  kind  of  disruptions  of  the  axoplasm  from  the  inner  membrane  of  the 
neuron  than  was  seen  in  these.  It  still  could  be  artifactual  but  perhaps  not. 

DR.  UNTERHARNSCHEIDT  (USA)  COMMENT 

1  am  convinced  that  these  were  not  artifacts . 

DR.  TH1BAULT  (USA)  COMMENT 

I  am  very  interested  in  the  behavior  of  a  single  cell  undergoing  mechanical  deformation  at  very  low  levels  of 
strain,  where  we  believe  any  cell,  bone,  muscle  or  skin  tissue  experiences  deformation  and  somehow  ean 
communicate  that  to  the  cell  machinery .  So  we  are  trying  to  study  this  problem  also  in  culture  where  we’re 
subjecting  cells  to  meehanieal  strain  in  culture  and  looking  at  changes  in  biochemistry.  For  example,  in  bone 
cells  we're  looking  at  Collagen  synthesis  as  a  function  of  mechanical  strain,  tut  to  continue  the  eonccpt  that 
Dr.  Gennarelli  presented  ultimately  has  to  be  verified  at  the  cellular  level.  A  response  which  starts  out,  per¬ 
haps  as  membrane  phenomenon,  but  shows  up  as  an  inability  to  propagate  eleetrical  information.  Perhaps  a 
little  further  up  the  scale  of  meehanieal  deformation  is  an  internal  structural  problem,  failure  perhaps  of  the 
eellular-skeletal  network  and  ultimately  at  the  limit  to  some  membranes  torn  and  disrupted  whieh  is  as  for 
as  we  know  an  irreversible  phenomenon.  This  is  the  approach  we  are  presently  exploring. 
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INFLUENCES  RESPECTIVES  DE  L 1  ACCELERATION ,  DU  JERK  ET  DE  L' AMPLITUDE  DE  LA  FLEXION 
DU  COU  SUR  LA  SURVENUE  DES  LESIONS  CEREBRALES . 

C.  Tarriere,  G.  Walfisch,  A.  Fayon,  Laboratoire  de  Physiologie  et  de  biomecanique  de 
1  '  no.-.ociat  ion  Peugeot  S  .  A  .  /Renault ,  147  ave  .  Paul  Doumer  ,  92501  Rueil-Malmaison  ,  France. 

C.  Got,  F.  Guillon,  A.  Patel,  Institut  de  Recherches  Orthopediques,  Hopital  Raymond 
Poincare,  104  Bd  Raymond  Poincare,  92380  Garches,  France. 

J.  Bureau,  Laboratoire  d'Anatomie  de  l'U.E.R.  Biomedicale  des  Saints-Peres ,  Faculte  de 
Medecine ,  75005  PARIS 


Resume . 

Les  Auteurs  presentent  une  s^nthese  de  resultats  experimentaux  obtenus  sur  cadavres  humains 
frais  dont  la  pression  vasculaire  moyenne  a  ete  retablie  avant  de  subir  des  impacts  directs 
de  tete. 

L'influence  des  parametres  tels  que  1 1  acceleration  lineaire  et  1 ' acceleration  angulaire,  le 
jerk,  1' amplitude  de  la  flexion  du  cou  ,  la  duree  du  choc,  est  analysee  et  discutee. 

Les  conclusions  sont  relatives  a  la  tolerance  de  la  tete  humaine  et  aux  criteres  de 
performance  utilisables  pour  tester  la  qualite  de  la  protection  offerte  par  un  casque  ou 
un  element  d'habitacle  amenage  (padding). 


La  connaissance  de  la  tolerance  de  la  t£te  humaine  k  1' impact  est  necessaire  pour  la 
realisation  de  dispositifs  de  protection  bien  adaptes,  qu'il  s'agisse  de  casques  pour  usa- 
gers  de  deux-roues  ou  des  parties  d'un  vehicule  susceptibles  d'etre  heurtees  par  la  tete  de 
ses  occupants  (ou  celle  de  pietons).  Les  parametres  physiques  mis  en  relation  avec  la  seve- 
rite  des  blessures  cerebrales  sont,  le  plus  souvent,  deduits  de  la  loi  d ' acceleration/temps 
de  la  tete  (accelerations  lineaires,  HIC  (head  injury  criterion),  accelerations  angulaires, 
jerk ,  etc  . .  .  ) 

L'objectif  de  Cette  communication  est  de  faire  la  synthese  de  donnees  experimentales  obte- 
nues  par  le  Laboratoire  de  Physiologie  et  de  Biomecanique  Peugeot  S. A. /Renault  et  1' Institut 
de  Recherches  Orthopediques  de  1 ' Hopital  Raymond  Poincare  de  Garches. 

Ces  donnees  permettront  d'evaluer  la  tolerance  de  la  tete  a  l'impact  a  partir  de  la  loi 
acceleration/temps;  L' utilisation  de  cette  loi  nous  parait  d'autant  plus  interessante  a 
prendre  en  consideration  que  les  parametres  qui  s'en  deduisent  (acceleration,  HIC,  etc...) 
sont  assez  aisement  tr ansposables  sur  mannequin  de  choc  et ,  par  consequent,  utilisables 
pour  determiner  un  critere  de  protection. 

En  plus  de  la  commotion,  ils  pourraient  permettre  aussi  d'evaluer  le  risque  de  fracture  du 
crane  lorsque  les  efforts  appliques  a  la  tete  sont  repartis  sur  une  surface  suffisante,  ce 
qui  est  gener alemer.t  lc  cas  dans  les  accidents  de  vehicules  a  moteur  . 

Les  donnees  utilisees  ont  ete  obtenues  soit  dans  des  simulations  ou  reconstitutions  d' acci¬ 
dents  reels,  soit  lors  de  chutes  libres  de  sujets  humains  frais,  non  embaumes  et  instrumen¬ 
t's  . 

Une  par*ie  des  resultats  acquis  lors  de  ces  experiences  a  de^a  fait  l’objet  de  publications 
(  1 )  (  2 )  (  3 )  (  4 )  (  5)  dans  lesquelles  la  methodologie  utilisee  pour  chaque  type-  d’essais  etait 
decrite . 

Par  rapport  C.  ces  punlications ,  1 'analyse  des  resultats  a  ete  completee  et  approfondie;  en 
particulier  certaines  donnees  ont  ete  verifiees. 

Cette  communication  concerne  la  tolerance  de  la  tete  humaine  a  1 'impact;  la  transposition 
au  mannequin  de  choc  doit  etre  envisagee  dans  un  deuxieme  temps . 

I  -  METHODOLOGIE 


Rappelons  bnevement  quelques  points  importants: 

J .  Description  des  essais 

Les  reconstitutions  d‘ accidents  reels  prises  e,i  compte  etaient  des  collisions  laterales 
et  frontales  a  vitesse  elevee  pour  les  chocs  lateraux  (comprise  entre  45  et  70  km/h). 

Pour  les  chocs  frontaux,  la  vitesse  d' impact  etait  comprise  entre  50  et  65  km/h. 

Dans  les  chocs  lateraux,  la  tete  de  1 'occupant  du  vehicule  heurte  etait  impactee  dans  sa 
partie  paneto-temporale ;  dans  les  chocs  frontaux,  la  tete  de  1 'occupant  etait  heurtee  dans 
sa  partie  frontale. 

Pour  les  essais  de  chutes  libres,  au  nombre  de  53,  schematisees  sur  les  figures  1  et  2, 
les  sujets  humains  etaient  maintenus  au  moyen  d’un  dispositif  adequat,  la  tete  casquee  ou 
non,  dans  le  prolongement  du  corps. 

Ils  sont  tombis  en  chute  libre,  la  tete  heurtant  une  surface  plane  et  rigide  revetue  ou 
non  de  materiau  amortissant. 

Le  reste  du  corps  etait  arrete  par  un  epais  matelas  dont  l'epaisseur  et  la  raideur  etaient 
choisies  afin  de  controler  le  mouvement  de  flexion  de  la  tete  par  rapport  au  thorax. 

Les  essais  de  chute  realises  peuvent  etre  classes  en  deux  categories  suivant  la  direction 
principale  de  l'impact: 

a)  impacts  paneto- temporaux  (au  nombre  de  17  dont  1  contre  une  surface  rigide  non  amenagee 
In*  76)).  La  hauteur  de  chute  a  varie  entre  1,83  m  et  3  m  (1). 
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b)  impacts  frontaux  ( au  nomfcre  de  20  ) .  Pour  ces  essais,  la  hauteur  de  chute  etait  de 
3  m  . 

2 .  Preparation  des  sujets 

II  s'agit  des  corps  de  personnes  en  ayant  fait  don  de  leur  vivant.  Chaque  sujet  a 
fait  l'objet  de  la  preparation  presentee  ci-apres. 

a)  releves  anthropometr iques  -  Un  releve  anthropometrique  precis  precede  chaque  es- 
sai  . 

Outre  1 ' age  et  le  sexe,  on  note  la  circonf erence  et  le  diametre  antero-posterieur  de  la 
tete,  mesures  en  passant  par  la  partie  la  plus  basse  de  l'os  frontal  ( au  niveau  des  sinus) 
et  la  protuberance  occipitale  externe  . 

Le  diametre  transversal  de  la  tete,  egalement  note,  correspond  au  maximum  de  la  distance 
entre  les  parties  temporales  droite  et  gauche. 

Apres  chaque  essai,  la  tete  et  le  cou  sont  preleves  suivant  des  techniques  deja  decrites 
(  6  )  pour  la  recherche  d ' eventuelles  blessures  cerebrales,  craniennes  ou  cervicales .  Les 
masses  de  la  tete  et  du  cou,  de  la  tete  seule,  du  crane  et  du  cerveau  sont  prelevees  afin 
d'aider  a  la  comprehension  des  phenomenes  de  masse  equivalente  et  a  la  caracterisation  de 
la  boite  cranienne. 

L'ensemble  des  donnees  disponibles  est  reporte  dans  les  tableaux  2  et  5. 

b)  Retablissement  de  la  pression  arterielle  -  Une  perfusion  de  l'encephale  suivant  la 
methode  deja  decrite  (  1  )  a  ete  effectuee  avec  succes  sur  l'ensemble  des  sujets  pris  en 
compte  dans  l'analyse  (20  essais  en  choc  frontal,  17  en  choc  lateral).  Cela  a  permis 
d'evaluer  la  severite  des  blessures  cerebrales  dans  l'echelle  des  AIS  (  7  ). 

3.  Calcul  des  accelerations 


Des  accelerometres  sont  visses  sur  le  crane  des  sujets.  Afin  de  pouvoir  calculer  les 
accelerations  lineaires  et  angulaires  au  centre  de  gravite  de  la  tete  des  cadavres,  nous 
avons  utilise  pour  tous  les  essais  posterieurs  a  1 'essai  n°  76,  9  voies  d ' acceleration 
obtenues  par  1 ' intermediaire  de  3  capteurs  tri-directionnels  fixes  sur  le  crane,  a  distan¬ 
ce  de  la  zone  impactee  de  la  tete.  Un  programme  de  calcul  permet,  a  partir  de  ces  neuf 
voies,  de  reconstituer  les  accelerations  au  centre  de  gravite  de  la  tete. 

La  mise  en  oeuvre  de  ce  programme  a  ete  modifiee  depuis  le  debut  de  son  utilisation,  en 
particulier  par  1 ' incorporation  d ' orientations  plus  precises  des  capteurs.  De  ce  fait, 
certaines  valeurs  anterieurement  publiees  se  sont  vues  quelquefois  retouchees . 

L'ensemble  des  chaines  de  mesure  accelerometr iques  etait  conforme  a  la  procedure  SAE  J 
211  b  (classe  1000) . 

4 •  Calcul  du  jerk 

II  n'existe  pas  de  procedure  standardisee  de  calcul  du  jerk  a  partir  de  la  loi  accelera¬ 
tion/temps.  Plusieurs  methodes  ont  ete  decrites  dans  la  litterature  (8).  Elies  concer- 
nent  la  partie  ascendante  de  la  courbe  de  deceleration  de  la  tete;  l'intervalle  de  temps 
choisi  pour  le  calcul  dependant  alors,  dans  une  large  mesure,  de  l'intuition  de  l'auteur. 

La  methode  utilisee  ici  est  definie  comme  suit: 

-  a  partir  du  maximum  de  1 ' acceler ation  resultante,  on  determine  sur  la  partie  ascendante 
de  la  courbe  acceleration/temps  deux  points  correspondant  respectivement  a  0.2  et  0.8 

d ' acceleration  resultante  maximum. 

-  Puis,  entre  ces  deux  points,  on  determine  une  droite  definissant  un  jerk  "moyen"  par  la 
methode  des  moindres  carres,  en  echantillonnant  la  courbe  suivant  des  longueurs  d ’ arc 
constantes  ( 20  a  25  points  par  courbe  ont  ete  ainsi  utilises). 

Cette  methode  s'est  revelee  bien  adaptee  aux  sorties  graphiques,  une  precaution  devant 
etre  prise  qui  concerne  les  echelles;  elles  doivent,  en  effet,  rester  dans  un  rapport 
constant  quel  que  soit  l'essai  considere.  Dans  nos  essais,  il  etait  tel  que  1  g  correspon- 
dait  a  25.10-5  secondes  sur  1 'autre  axe. 

Ceci  n'a  ete  effectue  que  pour  les  essais  avec  impact  frontal. 

5 .  Mesure  des  efforts 

Cette  mesure  est  particuliere  aux  essais  de  chute  libre.  Un  plateau  dynamometr ique  est 
place  sous  le  materiau  amortissant  impacte  par  la  tete  et  mesure  uniquement  la  composante 
verticale  de  1 'effort  applique  a  la  tete. 

Dans  le  cas  oil  le  sujet  d'essai  est  porteur  d 1  un  casque,  la  tete  impacte  directement  le 
plateau  dynamometrique .  Dans  les  autres  cas,  on  interpose  le  plus  souvent  une  couche  de 
materiau  amortissant. 

II  -  RESULTATS  DES  ESSAIS  DE  CHUTE  LIBRE 


1 .  Cinematique  de  la  tete  et  du  cou 

D'une  maniere  generale,  la  cinematique  de  la  tete  et  du  cou  peut  etre  decrite  d'une 
fagon  simplifiee  comme  suit: 

-  une  premiere  phase,  qui  est  un  mouvement  vertical  de  la  tete  dans  le  materiau  (ou  le 
casque),  sans  rotation  importante  par  rapport  a  son  orientation  initiale.  La  duree  de 
cette  phase  est  voisine  de  6  a  7  is. 

-  Puis,  au  cours  du  rebond,  on  observe  un  mouvement  de  rotation  de  la  tete  par  rapport 
au  thorax  (fig.  3  et  4  ). 


stun 
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On  notera  que  les  maxima  des  accelerations  lineaires  et  angulaires  sont  atteints  pendant 
la  premiere  phase  decrite  ci-dessus  et  que  les  vitesses  angulaires  n'ont  pas  excede  96,2 
rd/s  (89  rd/s  pendant  3  ms ) ,  valeur  qui  sera  a  rapprocher  des  limites  envisagees  pcur 
garantir  1 ' absence  de  blessure. 


2 .  Analyse  des  blessures 

a)  au  niveau  du  crane  -  Pour  les  impacts  frontaux,  3  sujets  sur  21  presentaient  une 
fracture  du  crane.  II  s'agit  des  essais  166,  250  et  251  qui  etaient  de  sexe  feminin  avec 
une  tete  de  petite  dimension.  Des  essais  mecaniques  seront  effectues  sur  des  parties  d'os 
cranien  a  des  fins  d ' expl icat ion  des  fractures  observees. 

Pour  les  impacts  parieto-temporaux.  sur  les  17  sujets  ayant  suoi  un  impact  dans  Cette 
zone  de  la  tete,  ceul  un  sujet  est  tombe  tete  nue  sur  une  surface  ngide ,  et  il  presen- 
tait  une  fracture  du  crane  (essai  n°  76).  Parmi  les  16  autres,  un  seul  sujet  revela  une 
fracture  du  crane.  Ce  sujet,  de  sexe  feminin,  est  tombe  casque  d'une  hauteur  de  3  m.  II 
s'agit  du  sujet  qui  presentait  la  plus  faible  epaisseur  moyenne  du  crane  (3,65  mm)  rele¬ 
vee  parmi  tous  les  sujets  d ' experience .  De  plus,  la  mineralisation  de  sa  boite  cranienne 
etait  egalement  parmi  les  plus  faibles  observees  (0,7  g/cm2).  Les  donnees  sont  rapportees 
dans  le  tableau  n°  5;  il  s'agit  du  sujet  n°  83. 


b)  Lesions  du  cou  -  Pour  les  impacts  parieto-temporaux.  u 
presentait  des  blessures  osteo-ligamentaires  de  la  colonne  c 
naison  laterale  de  la  tete  par  rapport  au  thorax  voisin  de  6 
On  doit  noter  que,  plusieurs  fois,  des  angles  proches  de  70° 
de  la  colonne  cervicale.  Ces  angles  ont  ete  releves  a  partir 
seconde . 

Pour  les  impacts  frontaux.  quatre  sujets  presentaient  le 
ligamentaire  pour  des  angles  d ' hyperextension  de  la  tete  par 
a  65°  (de  66° a  90°)  pour  des  HIC  variant  de  1000  a  2000,  Il 
pour  lesquels  1' injection  cerebrale  a  ete  un  echec  ( 1  ),  et 
tableau  3 ) . 


n  sujet  sur  les  17  testes 
ervicale  pour  un  angle  d'incli- 
1°  In'  67,  sexe  feminin,  82  ans)  . 
ont  ete  atteints  sans  blessure 
de  films  tournes  a  1000  imaged 

meme  type  de  blessure  osteo- 
rapport  au  thorax  superieurs 
s'agit  des  sujets  104  et  142 
des  sujets  110  et  143  ( Cf . 


c)  Lesions  cerebrales  -  Sur  les  53  sujets  impactes,  on  n'a  pris  en  compte  que  les  sujets 
pour  lesquels  le  cerveau  etait  bien  conserve  et  bien  injecte.  Ils  sont  au  nombre  de  20  en 
chocs  frontaux  et  de  17  en  chocs  lateraux.  Une  synthese  de  la  localisation  des  blessures 
cerebrales  est  reportee  dans  le  tableau  1  oil  l'on  peut  constater  la  predominance  des  bles¬ 
sures  du  tronc  cerebral  (pres  de  70  %  des  blessures  observees)  quelle  que  soit  la  direction 
des  forces  appliquees  a  la  tete. 

Ces  blessures  se  situent  souvent  au  niveau  protuberantiel :  la  position  de  la  protuberance, 
en  saillie  par  rapport  aux  autres  elements  du  tronc  cerebral  et  au  contact  des  structures 
osseuses  (corps  de  1 'occipital  en  avant  et  partie  anterieure  du  rocher  1 ateralement )  favo- 
rise  son  implication,  que  les  efforts  soient  diriges  d' avant  en  arriere  ou  transversalement. 

Des  mecanismes  du  type  "engagement"  du  tronc  cerebral  dans  le  trou  occipital,  consecutifs 
a  certaines  cinematiques  de  la  tete  par  rapport  au  cou,  peuvent  etre  evoques  pour  1 'expli¬ 
cation  du  nombre  relativement  eleve  de  blessures  observees  dans  cette  region. 

Des  recherches  complementaires  seraient  necessaires  pour  preciser  ce  point. 

3 .  Resultats  des  mesures  concernant  ies  impacts  frontaux 

L'ensemble  des  resultats  utilises  dans  l’analyse  est  reporte  dans  les  tableaux  2  et  3. 
Dans  ce  qui  suit,  on  a  successivement  cherche  a  mettre  en  relation  les  blessures  observees, 
exprimees  en  termes  de  AIS,  avec  des  parametres  lies  a  la  violence  et  aux  circonstances  de 
1 'impact:  HIC,  accelerations  lineaires  et  angulaires,  hyperextension  de  la  tete  par  rapport 
au  thorax,  jerk  d ' acceleration  lineaire,  etc... 

La  consideration  des  donnees  anthropometr iques  de  la  tete  des  sujets  d’experience  et  de 
donnees  morphometr iques  relatives  a  leur  boite  cranienne  a  permis  une  analyse  plus  fine  des 
resultats.  Ces  dernieres  donnees  sont  la  quantite  de  sels  mineraux  par  unite  de  surface  de 
l'os  cranien  et  1' epaisseur  moyenne  du  crane. 

Tous  les  sujets  qui  ont  subi  un  impact  frontal  sont  tombes  d’une  hauteur  de  chute  de  3  m. 

La  variation  de  vitesse  de  la  tete  dans  ces  essais  etait  voisine  de  10  m/s,  et  la  duree 
totale  du  choc  comprise  entre  5  et  15  ms;  ces  durees  de  choc  sont  realistes  si  l'on  se 
refere  aux  donnees  experimentales  obtenues  lors  des  reconstitutions  d'accidents  de  voitures, 
de  pietons  ou  de  deux-roues  ( 2 ) ( 4 ) ( 9 ) ( 10 ) . 

Le  tableau  4  resume  les  pnncipaux  resultats  obtenus,  classes suivant  la  severite  des  bles¬ 
sures  cerebrales  observees  (AIS). 

On  a  respectivement  releve  les  minima,  maxima  et  la  valeur  arithmetique  moyenne  pour  chaque 
parametre  physique  considere,  ainsi  que  le  nombre  de  sujets  pris  en  compte 

Quelques  observations  peuvent  etre  faites,  parametre  par  parametre,  a  partir  de  ce  tableau. 
Auparavant,  on  attirera  1 'attention  sur  deux  sujets: 

-  le  sujet  103,  qui  avait  le  crane  le  plus  epais  et  le  plus  mineralise  parmi  tous  les 
sujets  d'experience  (Cf.  tableau  2)  et  pour  lequel,  en  1 ' absence  de  toute  blessure,  les 
parametres  utilises  dans  l'analyse  des  resultats  ont  atteint  des  valeurs  tres  elevees 
(Cf.  tableau  3); 

-  le  sujet  107,  qui  avait  la  plus  petite  tete,  un  crane  de  tres  faible  epaisseur  et  tres 
peu  mineralise  par  rapport  a  l'ensemble  des  sujets  (Cf.  Tableau  2).  Dans  l'analyse  qui  suit, 
nous  ne  tiendrons  pas  compte  des  resultats  relatifs  a  ce  sujet  car,  de  par  ses  caracteris- 
tiques,  il  s'ecarte  beaucoup  trop  de  la  moyenne  des  sujets  d’experience. 

Nous  attacherons  une  importance  particuliere  aux  sujets  indemnes  a  chaque  fois  que  leur 
nombre  sera  suffisant  par  rapport  au  nombre  d'essais  effectues  et  a  chaque  fois  qu’il  n’au- 
ra  pas  ete  possible  d'isoler  l'influence  d'un  parametre  parmi  les  autres,  car  1 ' association 
de  plusieurs  parametres  physiques  qui  ont  atteint  des  niveaux  eleves  interdit  toute  conclu¬ 
sion  sur  l'evertuelle  influence  d'un  parametre  sur  le  bilan  lesionnel. 
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a)  L' acceleration  lineaire  est  le  premier  parametre  examine.  On  le  considere  selon  qu'il 
est  associe  a  des  blessures  severes  ou  non. 

-  associee  a  des  blessures  severes,  AIS  ^  3  -  La  plus  petite  valeur  d ‘ acceleration  maxi¬ 
mum  relevee  etait  de  182  g  (122  g  pendant  3  ms).  II  s'agit  du  sujet  174,  qui  associait  a 
un  jerk  d 1  acceleration  lineaire  eleve  (0.99x105  g/s)  une  acceleration  angulaire  (3  ms)  im- 
portante  (12936  rd/s2)  et  dont  la  severite  des  blessures  etait  classee  entre  3  et  4  dans 
l'echelle  des  AIS. 

Pour  les  blessures  ici  les  plus  severes,  correspondant  a  des  AIS  4  et  5  (sujets  102  et  108), 
les  accelerations  maxima  etaient,  respecti vement ,  de  232  et  313  g  (147  et  144  g  pendant 
3  ms).  Ces  deux  sujets  ont  subi,  par  ailleurs,  des  accelerations  angulaires  tres  elevees  et 
des  hyperextensions  de  la  tete  par  rapport  au  thorax  tres  importantes  (Cf.  tableau  3). 
Associees  a  une  absence  totale  de  blessures  cerebrales  (AIS  0).  les  accelerations  lineaires 
sont  souvent  elevees.  Quatre  fois  sur  dix,  des  accelerations  lineaires  resultantes  maxima 
ont  depasse  250  g.  La  valeur  la  plus  elevee  de  1 ' acceleration  maximale  etait  de  349  g  et, 
pour  une  duree  de  3  ms  de  149  g  . 

-  pour  les  dix  sujets  indemnes,  le  maximum  d ’ acceleration  a  varie  de  126  g  a  349  g 
(valeur  arithmetique  moyenne  =  217  g);  1 ' acceleration  depassee  pendant  3  ms  a  varie  de 
102  a  169  g  (moyenne  arithmetique  =  130  g). 

La  consideration  de  ces  resultats  relatifs  a  1 ' acceleration  lineaire  entraine  une  critique 
du  critere  80  g/3  ms.  II  est  en  effet  encore  courant  de  le  voir  utiliser  comme  "crit.ere  de 
protection"  de  la  tete  a  1 ' impact .  Or,  en  impact  frontal,  nous  n ' avons  jamais  trouve  de 
blessure  cerebrale  pour  des  accelerations  lineaires  appliquees  pendant  3  ms  inferieures  cu 
egales  a  100  g . 

b)  Hie  -  L'  on  considere  ici  le  HIC  d'une  maniere  privileging  parce  que  c'est  le  parametre 
le  plus  souverit  examine  en  relation  avec  la  severite  des  blessures. 

On  a  trouve  un  cas  sur  2 0  ou  un  HIC  modere  (inferieur  a  1500)  peut  etre  associe  a  des  bles¬ 
sures  severes.  II  s'agit  du  sujet  174  (HIC  =  1156)  qui  a  subi  un  jerk  d 1  acceleration  lineai¬ 
re  tres  eleve  (0.99x105  g/s),  dont  on  verra  l'influence  probable  sur  le  bilan  lesionnel 
plus  loin.  II  a  subi,  en  outre,  une  valeur  d 1  acceleration  angulaire  depassee  pendant  3  ms 
atteignant  12936  rd/s2  (pic  a  18922  rd/s2).  L' association  du  jerk  eleve  et  de  cette  accele¬ 
ration  angulaire  a  pu  contribuer  a  la  severite  des  blessures  cerebrales  de  ce  sujet  humain 
car  aucun  des  autres  parametres  physiques  pris  en  compte  dans  1' analyse  des  resultats  (HIC 
et  hyperextension  de  la  tete  par  rapport  au  thorax)  n'a  atteint  un  niveau  suffisant  pour 
rendre  evidente  cette  severite  de  blessures  (AIS  3  ou  4). 

Inversement,  des  HIC  eleves  superieurs  a  2000  ont  ete  supportes  par  une  tete  humaine  sans 
qu'il  leur  soit  associe  de  blessures  (Cf.  Tableau  3). 

On  n'a  pas  alors  les  associations  jerk  et  les  accelerations  angulaires  elevees  notees  pre- 
cedemment  (a  1 'exception  du  sujet  103  deja  cite). 

c)  Accelerations  et  vitesses  angulaires  (tableau  3)  -  Si  l'on  considere  les  trois  sujets 
qui  presentaient  des  blessures  classees  superieures  ou  egales  a  3  dans  l'echelle  des  AIS, 

on  trouve  d'abord  le  sujet  174  qui  associait  a  une  acceleration  angulaire  elevee  (12940rd/s2 
/3  ms)  un  jerk  eleve  (0,99*105  g/s),  et  les  sujets  102  et  JOB  pour  lesquels  l'ensemble  des 
parametres  physiques  mesures  etait  tres  eleve:  HIC,  accelerations  lineaire  et  angulaire, 
vitesse  angulaire,  hyperextension,  etc... 

Si  l'on  considere  maintenant  les  sujets  dont  la  severite  des  blessures  etait  2  ou  3  dans 
l'echelle  des  AIS,  on  se  heurte  au  meme  ecueil  que  precedemment ,  c'est-a-dire  la  difficulte 
d'imputer  les  blessures  a  un  parametre  isole  en  raison  des  associations  observees.  [A  titre 
d'exemple,  hyperextension  forcee  de  la  tete  et  vitesse  angulaire  importante  pour  les  essais 
110  et  143.]  Ne  pouvant  isoler  l'influence  d'un  parametre,  on  s ' interessera  plus  particu- 
lierement  aux  ujets  indemnes:  quelques  observations  interessantes  peuvent  etre  alors  effec- 
tuees  . 

Pour  les  10  sujets  indemnes  qui  ont  subi  des  HIC  compris  entre  690  et  2350,  des  jerks  d' ac¬ 
celeration  lineaire  entre  0,16  et  2,49  x  105  g/s  et  une  hyperextension  de  la  tete  peu  impor¬ 
tante  (a  l'exception  du  sujet  251),  les  maxima  de  leurs  vitesses  angulaires  ont  varie  de 
22  a  63  rd/s  (valeur  arithmetique  moyenne  «  34  rd/s). 

Les  maxima  des  accelerations  angulaires  ont  varie  de  8950  a  35780  rd/s2  (valeur  arithmeti¬ 
que  moyenne  -  16808  rd/s2),  et  les  accelerations  angulaires  depassees  pendant  3  ms  de 
4300  a  15110  rd/s2  (valeur  arithmetique  moyenne  =  8161  rd/s2). 

Ces  resultats  sont  interessants  a  prendre  en  compte  en  raison  du  peu  de  donnees  disponibles 
relatives  aux  niveaux  d ' acceleration  angulaire  et  de  vitesse  angulaire  supportables  par  un 
etre  humain  sans  qu'il  leur  soit  associe  de  blessure  cerebrale. 


d)  Jerk  d ' acceleration  lineaire  - 

Le  maximum  de  jerk  releve  en  1 ' absence  de  blessure  a  ete  voisin  de  2,4x105  g/s. 

Le  minimum  de  jerk  associe  a  des  blessures  a  ete  voisin  de  0,17x10$  g/s;  il  s’agit  du  sujet 
143  qui  associe  une  hyperextension  de  la  tete  elevee  a  une  vitesse  angulaire  maximum  elevee. 
Si  l'on  considere  tous  les  essais  ou  le  jerk  etait  eleve  105q/s)  et  l'AIS  cerebral  infe¬ 
rieur  a  3,  la  moyenne  arithmetique  des  jerks  etait  voisine  de  1,2x10$  g/s. 


e)  Hyperextension  de  la  tete  par  rapport  au  thorax  (angled  dans  le  tableau  3  )  -  Si  l'on 
considere  les  sujets  indemnes,  on  peut  constater  que  leur  absence  de  blessure  cerebrale 
s'accompagne  d'une  hyperextension  inferieure  ou  voisine  de  1 ’ hyperextension  naturelle  (60 
a  65*),  a  l'exception  du  sujet  251  pour  lequel  1 ' hyperextension  a  atteint  76*.  Ces  resul¬ 
tats  ont  ete  obtenus  pour  des  HIC  compris  entre  700  et  2350,  des  jerks  inferieurs  a  1,52 
x  105  g/s  et  des  accelerations  angulaires  depassees  pendant  3  ms  inferieures  a  15000  rd/s2. 

Pour  les  autres  sujets  (AIS  3.  4  ou  5),  il  n'a  pas  ete  possible  de  degager  l'influence 
de  1 ' hyperextension  sur  le  bilan  lesionnel  en  raison  du  niveau  eleve  atteint  par  les  autres 
parametres . 
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Relations  entre  les  parametres  physiques  pris  en  compte  et  la  severite  des  blessures  obser- 
vees ,  exprimee  en  termes  d’AIS. 

Dans  les  paragraphes  precedents,  on  a  analyse,  par  classe  d'AIS,  les  niveaux  atteints  par 
chaque  parametre.  Or  1 1  interpretation  de  l'eventuelle  influence  d'un  parametre  sur  le  bilan 
lesionnel  ne  peut  se  faire  ici  sans  prendre  en  compte  les  autres  parametres  physiques  utili¬ 
ses  pour  juger  de  la  severite  d'un  impact  cranien  .  Dans  ce  qui  suit,  on  s'attachera  a  met- 
tre  en  relation  chaque  parametre  physique  avec  la  severite  des  blessures  exprimee  dans 
l'echelle  des  AIS  en  utilisant  les  essais  oil  les  autres  parametres  etaient  les  plus  voisins 
possibles . 

a)  Influence  du  jerk  d ' acceleration  Les  sujets  qui  ont  ete  selectionnes  pour  analyser 
1 ' influence  du  jerk  d ' acceleration  lineaire  sur  le  bilan  lesionnel  sont  tous  ceux  qui  ont 
supporte  des  HIC  voisins  de  1500  et  des  accelerations  angulaires  depassees  pendant  3  ms 
inferieures  a  9000  rd/s?  (a  1 'exception  du  sujet  174).  De  plus,  pour  tous  ces  essais,  les 
conditions  de  choc  etaient  choisies  de  telle  sorte  qu'aucune  hyperextension  excessive  de 
la  tete  par  rapport  au  thorax  n'a  ete  provoquee  (5  ). 

Les  jerks  classes  comme  eleves  etait  compris  entre  105  g/s  et  1.5xl05  g/s:  un  tel  niveau  de 
jerk  avait  ete  atteint  lors  d'une  serie  d' essais  anterieurs  aux  essais  presentes  ici,  avec 
des  sujets  humains  porteurs  d'un  casque  dont  les  proprietes  amortissantes  s'etaient  reve- 
lees  insuff isantes  par  suite  de  la  faible  distance  entre  le  point  d' impact  et  le  oord  du 
casque  (  1  ) . 

Les  jerks  "moderes  etaient  voisins  de  0.5x105  g/s:  ce  niveau  avait  ete  atteint  lors  de  la 
serie  d' essais  deja  citee,  avec  des  sujets  humains  porteurs  d'un  casque  dont  la  partie  an- 
terieure  recouvrait  3  cm  de  polystyrene  (  1  )  : 

-  Tous  les  essais  effectues  dans  ce  but  ont 

ete  reportes  sur  la  figure  5  ou  sont  representes  le  jerk,  le  HIC  et  la  severite  des  bles¬ 
sures  observees.  Nous  rappelons  ici  que  ces  resultats  ont  ete  obtenus  pour  des  accelerations 
angulaires  que  l'on  peut  considerer  comme  tolerables  par  une  tete  humaine  (inferieures  a 
9000  rd/s2  pendant  3  ms ) ,  et  qu'aucune  hyperextension  de  la  tete  n'a  ete  provoquee. 

Quelques  observations  peuvent  etre  faites: 

-  pour  une  classe  de  HIC  donnee ,  il  n'y  a  pas  de  relation  simple  entre  le  jerk  et  la  seve¬ 
rite  des  blessures  cerebrales.  Ceci  n'est  pas  etonnant  car  le  jerk,  comme  cela  a  ete  cons¬ 
tate  precedemment,  n'est  qu'un  des  parametres  physiques  qui  decrivent  les  sollicitations 
de  la  tete  dans  les  essais  realises. 

-  Neanmoins,  on  peut  remarquer  que,  pour  las  jerks  eleves  ( super ieurs  a  105  g/s)  et  pour 
une  meme  classe  de  HIC,  1  sujet  ou  2  presentaient  des  blessures  cerebrales.  Ces  blessures 
ne  sont  pas  tres  severes  a  1' exception  du  sujet  174  (AIS  3  ou  4)  pour  lequel  une  explica¬ 
tion  de  la  severite  des  blessures  a  deja  ete  proposee .  II  semble  done,  sur  la  base  du  petit 
nombre  d' essais  rapportes,  qu'au  dela  d'une  valeur  voisine  de  105  g/s,  le  jerk  d' accelera¬ 
tion  lineaire  ait  une  influence  aggravante  sur  le  bilan  lesionnel  (probabilite  d'apparition 
d'une  blessure  cerebrale  voisine  de  50  %) . 

Cette  hypothese  peut  etre  prise  en  compte  car  on  ne  voit  pas  de  parametre  auquel  on  puisse 
attribuer  les  blessures  de  fagon  evidente.  Toutefois,  il  n'apparait  ni  indispensable,  ni 
possible,  sur  la  base  de  ces  resultats,  de  definir  un  critere  specifique  a  cette  fonction, 
deduite  de  la  loi  d '  acceleration  en  fonction  du  temps,  dans  la  mesure  oil  la  condition  HIC 
1500  est  satisfaite.  Les  raisons  sont,la  tres  faible  probabilite  d'apparition  d'une  blessure 
cerebrale,  dans  ces  conditions  d' impact  realistes,  lorsque  le  HIC  est  inferieur  ou  egal  a 
1500  (voir  fig.  5 )  et  1 ' absence  de  blessures  parfois  observees  meme  lorsque  le  HIC  et 
le  jerk  atteignent  des  valeurs  elevees  (essais  103  et  177,  par  exemple).  Ces  points  seront 
repris  a  propos  de  la  relation  HIC/AIS. 

b)  Relations  entre  le  HIC  et  l'AIS  -  L'ensemble  des  resultats  est  reporte  sur  la  figure 
6.  Si  l'on  analyse  cette  figure,  on  n' observe  pas  de  relation  simple  entre  le  HIC  et  la 
severite  des  blessures  cerebrales  exprimee  en  termes  d'AIS.  Cela  n'est  pas  surprenant  car 
les  dispersions  propres  aux  tolerances  et  1 ' absence  de  linearite  dans  l'echelle  des  AIS 
expliquent  en  partie  cette  absence  de  relation  HIC/AIS. 

Neanmoins,  1' analyse  de  la  figure  6  permet  de  justifier  1 ' utilisation  du  HIC  comme  limite 
pour  la  toierance  humaine.  En  effet,  si  l'on  raisonne  en  termes  de  "seuil"  de  tolerance  au 
lieu  d'utiliser  une  definition  statistique  du  niveau  tolerable  pour  le  parametre  choisi,  par 
exemple  un  niveau  tel  que  50  %  des  sujets  presentent  un  AIS  <  3,  on  ne  peut  obtenir,  pour  le 
seuil,  qu'une  valeur  inferieure  de  la  tolerance.  Il  apparait  qu'un  seul  sujet  (n*  174)  sur 
les  2 0  pris  en  compte  associait  un  HIC  relativement  faible  (HIC  •  1150)  a  des  blessures 
cerebrales  severea  (AIS  3  ou  4).  Ce  sujet  presentait  des  particularity  dont  nous  avons  deja 
parle . 

En  conclusion  sur  la  relation  HIC/AIS  en  cas  d'impact  frontal  et  dans  l'attente  d'une  fonc¬ 
tion  deduite  de  la  loi  acceleration/temps  de  la  tete  mieux  correlee  aux  blessures  que  le 
HIC,  on  peut  dire  que  la  probabilite  d'apparition  d'une  blessure  severe  (AIS^  3)  est  tres 
faible  lorsque  la  condition  HIC  sSr  1500  est  respectee. 

En  1 ' absence  de  parametre  mieux  adapte,  notre  avis  est  que  le  HIC  peut  etre  utilise  comme 
limite  pour  la  tolerance  humaine,  et  que  le  niveau  1500  est  d'autant  plus  acceptable  qu'il 
est  obtenu  avec  des  cadavres  qui,  d'une  maniere  generate,  ne  donnent  qu'une  sous-estimation 
de  la  tolerance  des  vivants  exposes  aux  risques  d' accidents.  La  validite  de  ces  conclusions 
s'entend  en  1 ' absence  de  fracture  du  crane,  pour  des  accelerations  lineaires  maximales 
comprises  entre  120  et  350  g  (100  et  170  g  pendant  3  ms ) ,  des  accelerations  angulaires 
maximales  inferieures  a  43200  rd/s2  (17200  rd/s2  pendant  3  ms ) ,  des  hyperextensions  de  la 
tete  par  rapport  au  thorax  inferieures  a  80*  et,  enfin,  des  durees  totales  de  choc  comprises 
entre  5  et  15  ms . 

4 .  Resultats  relatifs  aux  impacts  lateraux 

L'ensemble  des  donnees  sont  rassemblees  dans  les  tableaux  5  et  6.  Or  a  considere  suc- 
cessi vement  les  accelerations  lineaires,  les  HIC  et  les  inclinaisons  laterales  de  la  tete 
par  rapport  au  thorax  (angle  04* dans  le  tableau  6);  les  autres  donnees  examinees  pour  les 
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chocs  frontaux  ne  sont  pas  disponibles. 

Pour  ces  essais,  la  hauteur  de  chute  a  varie  de  1,83  a  3  m. 

a)  resultats  concernant  les  accelerations  lineaires  -  Ceux-ci  sont  resumes  dans  le  tableau 
7  oil  ils  ont  ete  classes  suivant  la  severite  des  blessures  cerebrales  observees  .  Quelques 
constatations  peuvent  etre  faites: 

-  dans  le  cas  de  blessures  severes  (AIS  >  3),  1 1  acceleration  maximale  a  varie  de  210  a 

580  g  (moyenne  arithmetique:  328  g),  et  1 • acceleration  maximale  depassee  pendant  3  ms  de 

136  g  a  200  g  (moyenne  arithmetique  157  g). 

-  Inversement,  des  accelerations  elevees  peuvent  etre  associees  a  une  absence  totale  de 
blessures  (AIS  =  0):  pour  les  9  sujets  indemnes ,  le  maximum  d 1  acceleration  lineaire  a  va¬ 
rie  de  150  a  350  g  (moyenne  arithmetique  218  g),et  1 ' acceleration  lineaire  depassee  pendant 
3  ms  de  110  a  175  g  (moyenne  arithmetique  144  g). 

On  peut  noter  sur  le  tableau  7  que  les  accelerations  relevees  dans  chaque  classe  d'AIS  sont 
assez  voisines  (surtout  pour  les  accelerations  3  ms ) .  Cela  confirme  que,  comme  en  choc 
frontal,  il  n'est  pas  satisfaisant  d'utiliser  le  seul  maximum  (pic  ou  3  ms)  de  l'accelera- 
tion  lineaire  a  des  fins  de  definition  d'un  critere  de  tolerance  cerebrale  de  la  tete  hu- 
maine  a  1 1  impact . 

En  outre,  il  faut  noter  que  pour  ce  type  de  sollici tation  de  la  tete,  il  n'a  jamais  ete 
observe  de  blessure  cerebrale  pour  des  accelerations  appliquees  pendant  3  ms  inferieures  a 
110  g:  ceci  confirme  1 ' inadaptation  du  critere  "80  g  pendant  3  ms"  quand  il  s'agit  des 
tolerances  cerebrales . 


b)  Resultats  concernant  le  HIC  -  Les  HIC  obtenus,  classes  suivant  la  severite  des  bles¬ 
sures  cerebrales ,  sont  egalement  resumes  dans  le  tableau  7  .  Quelques  remarques  peuvent 
etre  faites;  lorsque  les  blessures  sont  d'un  niveau  d'AIS;»  3,  les  HIC  ont  varie  de  1255 
a  5000  (moyenne  arithmetique  2287). 

Un  seul  sujet  associait  a  ce  niveau  de  severite  de  blessures  un  HIC  relativement  faible 
(1255):  il  s'agit  du  sujet  83  qui  a  ete  elimine  de  l'analyse  car  il  presentait  un  crane 
particulierement  mince,  le  plus  mince  parmi  tous  les  sujets  d'experience  (Cf.  tableau  5). 

L' impact  cranien  de  ce  sujet  etait  localise  dans  une  zone  pratiquement  translucide  qui 
s'est  fracturee  a  cet  endroit.  Cette  fracture  explique  en  partie  le  faible  niveau  de  HIC 
pour  ce  sujet.  Tous  les  autres  sujets  ont  supporte  des  HIC  compris  entre  1600  et  5000. 
Inversement,  des  HIC  eleves  ont  ete  supportes  par  des  tetes  humaines  en  1' absence  de  blessu¬ 
re  . 

Pour  les  9  sujets  indemnes,  le  HIC  etait  compris  entre  1000  et  1990  (movenne  arithmetique 
1400)  . 

c)  Resultats  concernant  1 ‘ inclinaiaon  laterale  de  la  tete  ( angle  o4  dans  le  tableau  6  ). 

Si  l'on  considere  les  sujets  indemnes,  on  peut  constater  que  leur  absence  de  blessure 
cerebrale  s ' accompagne  d'une  inclinaiaon  laterale  de  la  tete  qui  est  restee  inferieure  ou 
egale  a  64*.  quelle  que  soit  la  valeur  de  HIC.  Pour  tous  les  autres  sujets  (AIS  3,  4  et  5) 
a  1 'exception  du  sujet  83  dont  on  a  deja  parle,  il  n'y  a  pas  eu  d' inclinaiaon  laterale 
forcee  de  la  tete  par  rapport  au  thorax,  et  les  blessures  peuvent  etre  mises  en  relation 
avec  le  niveau  de  HIC  atteint,  compris  entre  1600  et  5000. 

Relation  entre  le  HIC  et  la  severite  des  blessures  cerebrales.  exprimee  en  termes  d'AIS 

La  figure  7  illustre  les  resultats  obtenus,  a  savoir  que  la  probabilite  d'apparition 
d'une  blessure  cerebrale  severe  est  tres  faible  lorsque  le  HIC  est  ^  1500  et,  qu'inverse- 
ment,  des  HIC  eleves  peuvent  frequemment  etre  supportes  par  une  tite  humaine  lors  d' impacts 
lateraux  sans  que  leur  soient  associees  de  blessures  cerebrales  severes. 

Comme  dans  le  cas  des  impacts  frontaux,  la  validite  de  ces  conclusions  s'entend  en  1 'absen¬ 
ce  de  fractures  du  crane,  pour  des  durees  de  choc  comprises  entre  5ms  et  15  ms  et  des  ac¬ 
celerations  lineaires  comprises  entre  150  g  et  350  g  (llOg  et  180  g  pendant  3  ms). 


5.  Synthese  des  resultats  des  essais  de  chute  libre 

Si  l'on  se  retire  aux  accelerations  et  HIC  obtenus,  il  apparalt  que  pour  une  mime 
classe  de  blessures,  les  valeurs  atleintes  sont  plus  faibles  en  choc  frontal  qu'en  choc 
lateral.  On  admettra  que  l'on  peut,  dans  l'attente  de  la  disponibil iti  des  donnees  de  la 
meme  famine  en  choc  lateral  (accelerations  angulaires,  jerk),  extrapoler  les  seuils  de 
tolerance  qui  apparaissent  pour  les  impacts  frontaux. 

.Pour  les  su jets  indemnes ,  les  valeurs  moyennes  ar ithmetiques  etaient  les  suivantes: 

.  acceleration  lineaire  maxi v  220  g  (*130  g  3  ms  pour  11  impacts  frontaux  et  9  lateraux), 

.  acceleration  angulaire  maxi  -  16800  rd/s2  L8160  3  ms  pour  9  Impacts  frontaux). 

Ces  resultats  ont  ete  obtenus  pour  des  HIC  compris  entre  900  et  2350. 

.Lorsque  le  HIC  est  de  l'ordre  de  1500,  on  peut  dire  qu'au  dela  de  la  valeur  10^  g/s  pour 
le  jerk  d ' acceleration  lineaire,  la  probabilite  d'apparition  d'une  blessure  cerebrale 
rrvere  d'ATS  2  ou  3  est.  volslne  de  509t. 

.En  cas  d' impact  frontal,  il  semble  qu'au  dessous  de  65*  pour  1 ' hyperextension  de  la  tete, 
il  n'y  ait  pas  de  risque  supplementaire  d'apparition  de  lesion. 

Un  grand  nombre  d'essais  permettrait  de  preciser  ces  points. 

.Dans  le  cas  general  ou  plusieurs  des  parametres  etudiis  doivent  £tre  consideres  pour  decri- 
re  la  severite  de  1' impact,  il  apparait  que  le  HIC  est  le  parametre  le  mieux  adapte  pour 
permettre  d'evaluer  la  probabilite  d'apparition  d'une  blessure  cerebrale,  et  que  la  valeur 
HIC  <  1500  pourrait  etre  utilisee  comme  limite  acceptablo  pour  la  tolerance  de  la  tile 
humaine  a  l'impact  en  cas  de  choc  frontal  et  lateral.  La  figure  8  illustre  ce  resultat. 

Ill  -  RESULTATS  RELATIFS  AUX  RECONSTITUTIONS  ET  SIMULATIONS  D' ACCIDENTS 


Les  resultats  acquis  lors  de  ces  essais  ont  ete  reportes  sur  la  figure  9  .  Ils  con- 


« 
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firment  les  conclusions  relatives  a  1 ' utilisation  du  HIC  et  de  la  valeur  1500. 

Ces  reconstitutions  sont  celles  de  collisions  reelles  choisies  pour  leur  caractere 
representatif  en  violence  et  en  configuration.  Pour  les  collisions  frontales,  la  vitesse  de 
rapprochement  des  vehicules  etait  comprise  entre  100  et  120  km/h.  Pour  les  collisions  late- 
rales,  le  vehicule  heurtant,  centre  sur  1 'occupant  situe  du  cote  du  choc,  avait  une  vitesse 
comprise  entre  45  et  70  km/h  suivant  l'essai.  Ceux  des  occupants  dont  les  lesions  apparais- 
saient  les  plus  interessantes  a  reproduire  etait  remplaces  par  des  sujets  humains  frais 
prepares  comme  pour  les  essais  de  chute  libre.  Ces  recherches  ont  ete  presentees  dans  des 
publications  recentes  (  2  > ( 4  ). 

IV  -  DISCUSSION 


a)  HIC  en  1' absence  d ' impact  de  la  tete  -  En  collisions  frontales  avec  sujets  humains 
instrumentes ,  retenus  par  une  ceinture  de  securite  trois  points,  nous  n ' avons  jamais  trouve 
de  blessures  cerebrale  ou  cervicale  en  1 ' absence  d'impact  de  la  tete,  fcion  que  les  HIC 
aient  parfois  atteint  des  niveaux  eleves  ( 1000  <  HIC  $  2000 )  (11  )  (  3)  . 

Des  conclusions  identiques  ont  ete  obtenues  par  1 ' analyse  des  accidents  j eels  (12-13)ce  qui 
confirme  qu'il  n'est  pas  fonde  d'utiliser  le  HIC  ( ou  un  autre  parametre  at celerometr ique ) 
a  des  fins  de  prediction  d ' une  blessure  cerebrale  en  1 • absence  d'impact. 

Cependant,  en  collision  laterale  voiture  contre  voiture,  nous  avons  observe  deux  fois  des 
blessures  cerebrales  d'AIS^-  4  alors  que  le  deplacement  de  la  tete  par  rapport  au  thorax 
n'etait  pas  limite.  Les  rosultats  de  mesures  ne  sont  disponibles  que  pour  un  cas,  ou  les 
valeurs  atteintes  par  les  parametres  physiques  etaient  tres  faibles  (HIC  =  100  mais  flexion 
laterale  =  75° ) . 

b)  Critere  de  protection  de  la  tete  a  1‘ impact  -  Dans  l'attente  de  disposer  d'un  manne¬ 
quin  suffisamment  "biofidele"  pour  que  les  criteres  de  protection  soient  le  plus  directe- 
ment  correlables  aux  blessures  qu'avrait  subi  un  etre  humain  dans  les  memes  conditions  d' im¬ 
pact,  on  peut,  en  realisant  des  essais  d'impact  de  tete  du  mannequin  dans  les  memes  condi¬ 
tions  de  choc  que  pour  les  sujets  humains,  etablir  des  relations  entre  le  HIC  cadavre  et  le 
HIC  mannequin.  POur  les  chutas  libres  avec  impact  direct  de  la  tete,  des  essais  comparatifs 
ont  deja  ete  realises  (  1  ).  Ils  sont  reportes  sur  la  figure  10  ,  ou  il  apparait  justifie  de 
choisir  le  critere  de  protection  proche  de  la  limite  tolerable  prealablement  determinee. 

Remarque  importante:  Utilisation  du  HIC  pour  les  porteurs  de  ceintures  en  choc  frontal . 

Nous  avons  vu  precedemment  qu'il  n'etait  pas  justifie  de  calculer  un  HIC  en  1 ' absence 
d'impact  de  la  tete.  II  est  done  indispensable,  lorsqu'un  occupant  ceinture  en  choc  frontal 
impacte  un  element  du  vehicule  (volant,  par  exemple),  de  definir  l'instant  de  contact  de  la 
tete  pour  le  calcul  du  HIC. 

CONCLUSIONS 


En  resumant  1' ensemble  des  donnees  presentees  plus  haut,  on  a  degage  les  roles  respectifs 
du  jerk  d ' acceleration  lineaire  et  de  1 ' hyperextension  de  la  tete,  et  obtenu  des  precisions 
sur  les  valeurs  d ' acceleration  lineaire  et  angulaire  associees  a  1' absence  de  blessure 
cereor ale . 

Par  contre,  lorsque  plusieurs  de  ces  parametres  atteignent  simultanement  les  niveaux  eleves, 
le  HIC  est  apparu  comme  la  fonction  la  mieux  adaptee  pour  definir  le  seuil  d' apparition 
d'une  blessure  cerebrale  severe.  On  associe  alors  a  ce  seuil  la  valeur  de  1500. 
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FIG .6.  RELATION  H IC/AIS-IMPACTS  FRONTAUX 
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FIG.7.  RELATION  H IC/AIS-IMPACTS  LATERAUX 
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SUMMARY 

Neurophysiologic  and  biomechanical  methods  were  used  to  evaluate  axial  tension  applied 
to  the  cervical  spinal  cord  and  brain  during  impact  or  inertial  loading.  Because  axial 
forces  are  often  implicated  in  military  accidents,  these  studies  were  designed  to  evaluate 
physiologic  changes  in  the  brain  and  spinal  cord  with  cervical  axial  tension  applied  to  the 
rhesus  (Macaca  mulatta)  monkey.  Both  slowly  applied  (0.1  to  1  cm/s)  and  rapidly  applied 
loads  (greater  than  100  cm/s)  were  studied  in  tha  isolated  fresh  cadaveric  cervical  column 
of  the  monkey  and  in  the  intact  living  and  dead  monkey.  Similar  investigations  were  con¬ 
ducted  on  fresh  human  cadaveric  skulls  and  cervical  spinal  columns  and  in  the  fresh  human 
cadaveric  torso.  Both  axial  tension  and  compression  were  applied  to  the  human  preparations. 
Thor aco- lumbar  sections  were  also  tested  for  failure  in  compression.  Helmet  studies  were 
also  conducted  to  determine  the  effects  with  axial  loading.  A  mathematical  model  was 
developed  using  a  lumped  parameter  torso,  head  and  helmet  capable  of  simulating  displacement 
and  time  dependent  applied  loads.  The  moael  was  compared  with  photographically  studied 
football  injuries  for  validation. 

I.  INTRODUCTION 

The  majority  of  studies  on  head  and  spine  injury  have  evolved  damage  criteria  from  bio¬ 
mechanical  measurements  and  pathological  findings  ( 33) .  in  contrast,  few  studies  are 
available  which  evaluate  the  neurophysiological  parameters  of  injury  in  the  closed  animal 
model.  Most  studies  of  the  physiology  of  head  and  spinal  cord  injury  utilize  techniques 
similar  to  the  Allen  (1,41)  method  in  which  the  neural  tissue  is  directly  traumatized.  These 
methods  require  the  destruction  of  supporting  elements  such  as  vertebrae  and  ligaments, 
making  biomechanical  correlations  difficult.  Furthermore,  the  injuries  produced  often  do 
not  correlate  with  those  seen  clinically  (3,7,19-22). 

Consequently,  studies  have  been  directed  to  develop  a  physiologically  controlled  closed 
model  of  spinal  cord  injury  with  axial  tension  in  the  subhuman  primate.  Biomechanical  data 
has  been  obtained  from  monkeys  and  fresh  human  cadavers  to  determine  the  mechanical  and 
physiological  parameters  of  human  spinal  cord  injury  (32,34,35). 

All  of  the  subhuman  primate  studies  were  done  with  axially  applied  tension  forces. 

A  critical  review  of  the  quasi-static  and  the  dynamic  films  and  X-rays  demonstrated  less 
than  10  degrees  of  extension  or  flexion  induced  during  the  experiments.  The  alteration 
of  the  evoked  potential  secondary  to  spinal  cord  distraction  was  studied  in  monkeys  in 
whom  thoracic  osteotomies  were  done  with  stimulation  of  the  dorsal  columns  of  the  spinal 
cord. 


Cerebral  responses  were  gone  within  two  minutes  after  complete  occlusion  of  the 
ascending  aorta.  The  evoked  responses  recorded  from  the  spinal  cord  continued  for  approxi¬ 
mately  ten  minutes  and  then  gradually  disappeared.  However,  the  immediate  flexion  and 
distraction  responses  were  altered.  These  findinqs  suggest  that  mechanical  trauma  alters 
the  spinal  cord  evoked  potentials  and  that  it  should  be  possible  to  differentiate  a 
mechanical  from  a  vascular  insult  (19).  In  the  efferent  pathways,  stimulation  of  the 
motor  cortex  produces  a  response  which  can  be  measured  over  the  spinal  columns  reflecting 
the  physiologic  integrity  of  the  corticospinal  tracts.  The  corticospinal  tracts  are 
altered  in  the  same  way  as  the  afferent  response  by  cord  flexion,  distraction  or  ischemia. 
Therefore,  the  evoked  potentials  can  be  used  to  evaluate  spinal  cord  dysfunction  over 
afferent  or  efferent  pathways  (  35)  . 
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Changes  in  the  spinal  and  cerebral  afferent  and  efferent  evoked  potentials  were 
evaluated  with  axial  forces  applied  between  the  shoulders  and  skull  of  the  living  male 
Macaca  mulatta  monkey.  The  failure  loads  ranged  from  556  Newtons  to  1555.  The  largest 
cervical  stretch  was  observed  in  the  smallest  animals  (32) .  The  loads  were  quasi-statically 
applied. 

The  majority  of  animals  demonstrated  minimal  ligamentus  disruption  except  one  animal 
which  had  a  C3-C4  total  disruption  at  1112  Newtons.  Two  animals  with  posterior  muscular 
transection  showed  findings  similar  to  the  intact  animals.  The  majority  of  changes 
appeared  to  be  secondary  to  mechanical  stretch  of  the  cervical  medullary  junction. 

Routinely,  the  evoked  potentials  decreased  prior  to  or  concurrently  with  changes  in  heart 
rate,  blood  pressure  and  regional  perfusion  evaluated  with  microspheres  (34). 

Studies  in  monkeys  at  high  loading  rates  (up  to  110  cm/s)  produced  failures  of  the 
upper  cervical  spinal  column  at  1690  Newtons  to  2668  Newtons.  In  these  animals,  a  cervi¬ 
cal  displacement  of  0.5  cm  to  1  cm  produced  a  50%  reduction  in  the  evoked  potential. 
Structural  failure  and  alteration  in  physiologic  parameters  occurred  with  displacements 
of  1.25  cm  to  2.13  cm  (34) . 

These  studies  suggest  that  the  afferent  and  efferent  evoked  potentials  are  sensitive 
indicators  of  metabolic  or  mechanical  alterations  in  spinal  and  cerebral  pathways.  Forces 
required  for  tissue  disruption  were  approximately  twice  as  great  in  the  dynamic  studies 
compared  to  quasi-static  runs. 

The  strength  of  the  isolated  monkey  cervical  column  was  evaluated  with  slow  and  rapid 
loading  rates  with  forces  applied  between  the  skull  and  upper  thoracic  spine.  In  quasi¬ 
static  tests,  the  columns  failed  at  325  to  534  Newtons.  With  rates  up  to  170  cm/s,  the 
failure  loads  were  1289  to  1423  Newtons.  The  anterior  ligaments  were  approximately  twice 
as  strong  as  the  posterior  and  failures  routinely  started  in  the  anterior  ligaments  and 
proceeded  posteriorly.  The  monkey  cervical  spinal  cord  failed  in  tension  at  approximately 
35  Newtons  quasi-statically  and  90  Newtons  dynamically  (32,34). 

II.  MODEL  STUDIES 

Analysis  of  sports  injury  films  indicate  various  time  dependent  and  position  dependent 
events  are  required  for  cerebral  or  cervical  spinal  injury.  To  provide  an  understanding 
of  the  mitigating  effects  of  helmet  protection  and  to  estimate  the  forces  upon  the  necks 
and  accelerations  at  the  head,  a  model  was  developed.  The  computer  model  simulates  player 
impact  conditions  with  and  without  helmets  with  a  typical  contact  surface  (Figure  A ) .  An 
external  force  can  be  included  which  often  occurs  with  opposite  player  contact. 


FIGURE  A:  LUMPED  PARAMETER  MODEL 


where  MT  =  mass  of  thorax  (kg),  CN  =  damping  coefficient  of  neck  (Ns/cm),  KN  =  stiffness 
coefficient  of  neck  (N/cm) ,  M^d  =  mass  head  (kg),  CHE  =  damping  coefficient  of 
helmet,  KHE  =  stiffness  coefficient  of  helmet,  Mhe  “  mass  of  helmet,  Kc  =*  stiffness 
coefficient  of  contact  surface,  F(t)  =  external  applied  force  to  helmet,  N  = 
Newtons,  s  =  seconds,  m  =  meters,  cm  =  centimeters. 

The  model  motion  i3  confined  to  one  dimension,  is  coincident  with  the  spinal  axis  and  neck 
and  helmet  compression  is  not  restricted.  The  muscles  and  ligaments  and  overlying  tissue 
offer  negligible  resistance  in  compression;  and  the  skull  stiffness  is  neglected.  The 
upper  and  lower  limbs  and  torso  are  combined  into  an  effective  torso  mass  (25,35  ).  The 
torso  mass  is  appropriately  reduced  to  account  for  the  angle  of  impact  of  the  athlete  with 
another  player  or  a  fixed  object.  The  following  equations  define  the  acceleration  of  the 
thorax,  head,  and  helmet,  respectively 


S<t)=CN("HD(t)-&T(t))  +KN(lXHD(t)-XT(t>) 


(1) 


XHD(t)  =CN  (XT  (t)  '"HD  < fc)  )+CHE  fXHE  (t)  'XHD  (t)) 
*KN(XT(t)-XHD(t))  +KHE(XHE(t)-XHD(t)) 


M 

"HD 


(2) 


XHE(t)-CHE(XHD(t,-XHE(t))  fKHE(XHD(t)' 

XHE(t>)  -Kc(XHE(t))  +F(t) 

«HE 


(3) 
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For  the  no  helmeted  case  Che»  khe  anc^  MHE  are  zero-  Table  A  compar  the  impact  with 
helmet  (H)  and  without  helmet  (WH)  for  effective  torso  masses  of  34  end  68  kg.  The  Table 
indicates  that  the  helmet  provides  protection:  however  the  neck  forces  are  in  the  region 
of  injury  at  velocities  of  3  to  4.6  m/s(5,12,14,27,28,33) .  A  review  of  football  injury  films 
demonstrates  neck  injuries  with  impact  velocities  of  approximately  5  m/s  ( 35) .  The  helmet 
provides  the  greatest  neck  and  cerebral  protection  for  the  smaller  torso  mass.  Further¬ 
more,  studies  with  typical  commercial  football  helmets  indicate  bottoming  out  with  2  to  3 
cm  of  compression  (35).  Beyond  this  compression,  substantially  higher  forces  and  energy 
are  transmitted  to  the  brain  and  neck  when  the  helmet  bottoms  out.  Brain  injury  may  occur 
in  the  region  of  the  highest  impact  velocities  with  a  68  kg  mass  where  bottoming  out 
probably  occurs.  Table  B  shows  the  effects  of  various  stiffness  and  damping  coefficients 
upon  peak  neck  force,  peak  head  accelerations  and  peak  helmet  compression  for  the  typical 
parameters  shown  in  the  legend.  The  least  risk  for  the  head  and  neck  occurs  with  the 
smallest  values  of  helmet  stiffness  and  largest  helmet  damping  coefficients,  however,  a 
substantial  increase  in  helmet  compression  is  required. 

Table  C  demonstrates  an  augmentation  of  neck  forces  with  increasing  neck  stiffness 
and  compliance,  and  a  decrease  in  neck  compression  and  acceleration  at  the  head.  Table  D 
shows  typical  stiffness  and  compliance  parameters  for  six  popular  commercially  available 
helmets.  The  model  is  a  single  spring  with  stiffness  ( k 2 >  in  series  with  a  kelvin  element 
with  a  spring  having  a  stiffness  of  ( k 1 )  and  parallel  dashpot  with  a  compliance  of  (C^' . 

For  comparable  parameters,  this  model  yields  results  similar  to  those  published  by 
McElhaney  (25).  However,  his  study  did  not  include  variation  of  helmet  compliance, 
neck  stiffness,  compliance,  and  compressions. 

This  model  may  be  useful  in  evaluating  the  effects  of  changes  in  helmet  and  neck 
parameters,  and  for  estimating  forces  and  accelerations  in  injury.  Studies  of  helmets 
and  human  cadavers  suggest  that  the  kelvin  elements  can  be  approximated  with  series 
springs,  or  two  series  of  kelvin  elements.  Parametric  optimization  indicates  that  the 
neck  model  should  be  replaced  with,  at  least  two  series  kelvin  elements  with  stiffnesses 
of  900  to  1800  N/cm  and  1400  to  2100  N,  cm  and  compliance  of  35  to  150  Ns/cm  (39) . 


TABLE  A 


mt 

H/WH 

Vi 

fn 

Nc 

Hc 

(kg) 

(m/s) 

<N) 

(m/s2) 

(cm) 

(cm) 

34 

WH 

3 

6672 

762 

3.6 

— 

34 

H 

3 

5338 

549 

3.0 

1.5 

34 

WH 

4.6 

9786 

1128 

5.6 

— 

34 

H 

4.6 

8006 

823 

5.1 

2.3 

34 

WH 

7.6 

16458 

1859 

9.1 

-- 

34 

H 

7.6 

13789 

1341 

7.9 

3.6 

68 

WH 

3 

8896 

762 

5.1 

— 

68 

H 

3 

8451 

549 

4.5 

1.8 

68 

WH 

4.6 

13344 

1)28 

7.6 

-- 

68 

H 

4.6 

12010 

823 

7.0 

2.8 

68 

WH 

7.6 

22685 

1859 

12.7 

— 

68 

H 

7.6 

20016 

1341 

11.5 

4.6 

Peak  values  of  force  on  the  neck  (F«) ,  acceleration 
of  the  head  (AHD) ,  compression  of  tne  neck  (Nc)  and 
compression  of  the  helmet  (Hc)  for  torso  weights  (M/jO 
of  34  and  68  kg,  impact  velocities  (V^)  of  3  m/s, 

4.6  m/s,  and  7.6  m/s,  with  helmet  (H)  and  without 
helmet  (WH) .  Constant  values  for  the  model  were 
K(j  =  1751  N/cm,  Cfj  -  1.75  Ns/cm,  KHf.  =  437P  N/cm, 

C^e  —  3.5  Ns/cm,  —  4.5  kg,  3  0.1  kg,  = 

4378  N/cm.  F(t  )  =0. 
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TABLE  B 


khe 

CHE 

PN 

AHD 

Hc 

(N/cm) 

(Ns/cm) 

(N) 

(m/s2) 

(cm) 

4378 

0.175 

20461 

1676 

4.6 

4378 

3.5 

20238 

1433 

4.6 

4378 

17.5 

18904 

1402 

4.3 

1791 

3.5 

16680 

1067 

9.7 

4378 

3.5 

20238 

1433 

4.6 

8756 

3.5 

20906 

1524 

2.5 

Peak  force  on  the  neck  (Fn)  .  acceleration 
of  the  head  (AHd) ,  and  helmet  compression 
(Hc)  with  changes  in  helmet  stiffness  (Khe) 
and  damping  (Che)  characteristics.  Con¬ 
stant  values  for  models  were  Kn  =  1751 
N/cm,  Cfj  =  1.75  Ns/cm,  Mrj>  =  34  kg,  Mhd  = 
4.5  kg,  Mjje  =  0.9  kg,  Kc  =  4  378  N/cm, 

Vi  =  7.6  m/s.  F (t) =0 


TABLE  C 


kn 

CN 

H/WH 

F 

r  N 

Nc 

(N/cm) 

(Ns/cm) 

(N) 

(m/s2) 

(cm) 

146 

1.75 

WH 

2137 

1272 

8.9 

146 

1.75 

H 

2039 

895 

7.9 

1751 

1.75 

WH 

9786 

1128 

5.6 

1751 

1.75 

H 

8006 

823 

5.1 

14447 

1.75 

WH 

15769 

768 

1.1 

14447 

1.75 

H 

11506 

591 

0.8 

1751 

0.14 

WH 

8168 

1183 

4.8 

1751 

0.14 

H 

7606 

850 

4.6 

1751 

17.5 

WH 

8879 

666 

2.8 

1751 

17.5 

H 

7652 

501 

2.5 

1751 

73.0 

WH 

12208 

393 

1 . 3 

1751 

73.0 

H 

9200 

277 

1  .  3 

Peak  force  on  the  neck  (F„)  acceleration  at  the  head 
(AHd)  neck  compression  (N_)  and  helmet  compression 
(H^)  for  various  neck  stiffness  (KN)  and  neck  com¬ 
pliance  (CN) .  Constant  values  for  model  are  M T  =  34 
1 tg,  MfjQ  =  4.5  kg,  .M^e  *  0.9  kg,  K  =  4378  N/cm, 

KH£  =  4378  N/cm,  CHE  =  3.5  Ns/cm,  Vi  =  4.6  m/s,  F(t)»0 


TABLE  D 


Helmet 

(N/cm) 

(N/cm) 

(Ns/cm) 

Fully  padded  with  foamed 
plastic  in  segregated 
cells 

A. 

3383 

1817 

417 

B. 

3891 

2189 

1215 

Pneumatic  1 

A. 

3015 

876 

233 

B. 

1933 

721 

159 

Pneumatic  2 

A. 

4782 

1007 

464 

B. 

4059 

1117 

413 

Pneumatic  3 

A. 

2049 

788 

170 

B. 

2418 

744 

189 

Suspension  with  padding 

A. 

6260 

1138 

739 

B. 

10474 

1445 

1431 

Hydraulic 

A. 

2298 

963 

196 

B. 

1366 

855 

133 

One  used  fully  padded 
with  foamed  plastic  in 
segregated  cells 

1st 

2860 

1772 

926 

2nd 

18354 

1883 

1214 

Three  clement  helmet  model  for  2.0  cm  displacement  at  vertex 
on  six  different  brands  of  the  most  popular  U.S.  football  helmets. 
Helmet  on  Z90.1  magnesium  head  form  with  MTS-810  controller. 

Ham  velocity  120  cm/s.  Two  helmets  of  each  model  ( A, B)  with 
exception  of  used  helmet  tested  twice  in  succession  at  bottom. 
Constants  derived  from  load  relaxation  curves. 

m.  HUMAN  SPINAL  COLUMN  STUDIES 

A  METHODS 


Twenty-two  unembalmed  human  male  cadaver  specimens  were  studied  with  forces  applied 
in  tension,  compression  and  transverse  to  the  cervical  column.  The  methods  have  been 
described  elsewhere  (  34  ) .  Briefly,  all  specimens  were  determined  to  be  within  normal 

limits  from  the  medical  history  and  X-ray  examinations  done  prior  to  the  tests.  All  tissue 
was  X-rayed  following  each  test.  Final  injury  was  determined  by  careful  gross  dissection 
w,.th  confirmation  of  the  findings  by  at  least  two  clinical  staff  members.  In  the  isolated 
cervical  and  thoraco- lumbar  spinal  column  studies,  the  supporting  tissues  were  carefully 
removed  to  avoid  damage  to  the  ligaments.  All  tissues  were  kept  at  2#c  until  studied  (1-3  days) 
Liberal  amounts  of  Ringer's  solution  were  used  to  keep  the  preparations  moist  during 
the  tests.  Dynamic  axial  loads  were  applied  to  the  human  spinal  columns  with  a  Series 
810  Materials  Test  System  (MTS)  at  rates  up  to  approximately  152  cm/s.  The  slow  rate 
studies  were  applied  with  the  Instron  Device  at  rates  of  less  than  2  cm/s.  All  forces 
were  applied  at  a  constant  rate.  In  several  cadavers  a  Bourne  118  linear  potentiometer 
was  attached  between  spinous  processes  or  from  a  spinous  process  to  the  base  of  the  skull 
to  measure  cervical  distraction.  Films  were  taken  of  the  studies  at  1000  frame/s  with  a 
Hycam  camera.  The  energy  absorbed  up  to  fracture  (failure  energy)  by  the  specimen  was 
estimated  for  each  run.  The  load  deflection  curves  were  appro:  imately  linear,  con¬ 

sequently  this  assumption  was  used  for  the  estimation.  The  machine  energy  was  calculated 
from  the  machine  load  deflection  to  failure.  The  tissue  energy  was  calculated  for  those 
runs  in  which  the  linear  potentiometer  readout  was  available.  All  recordings  were  made 
with  a  1858  Honeywell  Visicorder.  Most  of  the  specimens  underwent  multiple  runs  and  were 
remounted  in  the  regions  without  observable  damage.  Ali  angles  for  the  isolated  cervical 
and  intact  torso  are  measured  from  the  Frankfurt  plane  of  the  head  with  respect  to  the 
horizontal.  Unless  stated,  all  tests  were  conducted  with  a  10  cm  piston  stroke. 

Tension 

Ten  unembalmed  human  male  cadaver  specimens  were  studied,  with  forces  applied  in  axial 
tension  (Tables  1,2).  In  five  of  the  preparations  ( S— 1 , 2 , 3 , 4 , 5 .Table  1)  tension  vas 
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applied  between  the  base  of  the  skull  and  the  lower  cervical  or  upper  thoracic  elements  of 
the  isolated  spinal  column,  both  of  which  were  mounted  in  methylmethacrylate  and  1  mm 
diameter  nichrome  wire,  and  attached  to  the  ram  or  base  with  a  U  bolt  or  a  6.3  mm  diameter 
stainless  steel  cable.  Four  of  these  same  specimens  ( S-2 , 3 ,4 , 5 .Table  1)  underwent 
ablation  studies  upon  remounting,  with  either  the  anterior  ligamentus  complex  (all  anterior 
ligaments  up  to  and  including  the  posterior  longitudinal  ligament)  or  posterior  ligament 
complex  (all  posterior  ligaments  up  to  but  excluding  the  posterior  longitudinal  ligament) 
transected  (Figure  1).  In  one  specimen  (S-9,  Table  1),  axial  tension  was  applied  between 
the  head  and  lower  cervical  and  upper  thoracic  elements  of  the  isolated  spinal  column.  A 
6.3  mm  diameter  stainless  steel  cable  in  methylmethacrylate  anchored  the  head.  In  an¬ 
other  isolated  column  (S-23, Table  1) ,  the  forces  were  applied  to  the  anterior  lonqitudinal 
ligament  or  the  anterior  longitudinal  ligament  and  the  tectorial  membrane,  secondary  to 
transection  of  any  ligaments  posterior  to  these  (Figure  1) .  In  the  whole  cadaver  torsos 
( S-6 , 7 , 8 ,Table  2),  axial  tension  was  applied  between  a  fixed  yoke  on  the  shoulders.  The 
head  was  mounted  in  methylmethacrylate  and  attached  to  the  ram  with  a  6.3  mm  diameter 
stainless  steel  cable,  with  the  force  applied  at  the  vertex.  Axial  tension  studies  were 
also  conducted  on  cervical  spinal  cords  taken  from  three  of  the  cervical  spinal  columns 
used  in  the  axial  tension  studies  ( S-3, 4 , 5 ,Table  1).  The  cord  was  clamped  at  each  end 
with  serrated  jaws  attached  to  the  Instron  or  MTS  system.  The  unclamDed  free  cord  section 
ranged  from  3.8  to  7.6  cm  (Table  1).  Diagrams  indicate  approximate  fixation  and  specimen 
shape . 


longitudinal 


Figure  1:  Liqaments  of  lower  cervical  SDinal  column. 

Vertical  line  indicates  division  between 
posterior  and  anterior  compartments. 

Compression 

In  another  series,  thirteen  human  male  cadaveric  specimens  were  studied  with  com¬ 
pression  of  the  cervical  elements  (Tables  3,4)  .  For  this  series,  one  specimen  (S-20, 

Table  3)  was  compressed  from  Cl  to  C7,  with  the  isolated  column  mounted  in  methylmethacry¬ 
late  molded  into  a  15  cm  diameter  aluminum  cylinder  with  set  screws  driven  into  and  1  mm 
diameter  nichrome  wire  incorporated  into  the  tissues.  In  four  of  the  isolated  cervical 
columns  (S— 6 , 10, 19 , 2 1, Table  3),  the  force  was  applied  to  the  base  of  the  skull  by  means 
of  a  bolt  mounted  in  methylmethacrylate  and  inserted  into  the  load  transducer  of  the  MTS, 
and  the  upper  thoracic  elements  mounted  ir.  methylmethacrylate  molded  into  a  15  cm  diameter 
aluminum  cylinder  with  set  screws  driven  into  and  1  mm  diameter  nichrome  wire  incorporated 
into  the  tissues.  One  of  these  preparations  (S-6, Table  3),  consisted  of  the  remaining 
viable  cervical  column  and  base  of  skull  from  the  whole  torso  axial  tension  study.  For 
fixation  in  three  preparations  (S-14,16,17,Table  4)  the  whole  torso  was  mounted  and 
supported  under  the  armpits  with  a  rigid  yoke  with  additional  compression  force  applied 
to  the  anterior  and  posterior  thorax.  The  force  was  applied  to  the  reqion  of  the  vertex 
with  a  10  cm  x  10  cm,  3.6  kg  steel  plate  attached  to  the  ram.  In  the  five  remaining 
specimens  (S-ll, 12, 13,15, 18 , Table  3),  a  compressive  force  was  applied  to  the  head,  with  the 
10  cm  x  10  cm,  3.6  kg  steel  plate,  with  the  upper  thoracic  elements  mounted  in  methyl¬ 
methacrylate  molded  into  a  15  cm  diameter  aluminum  cylinder  with  set  screws  driven  into 
the  tissues. 

For  comparison,  forces  were  applied  to  the  isolated  thoraco-lumbar  columns  of  seven 
of  the  cadaver  spinal  columns  used  in  the  cervical  compression  studies  ( S-10 , 1 1, 12 , 13, 

17, 18, Table  5).  A  compression  force  was  applied  between  T2  and  L5  or  L5-sacrum  by  mountinq 
the  upper  thoracic  and  lower  lumbar  segments  in  methylmethacrylate  molded  into  15  cm 
diameter  aluminum  cylinders  with  set  screws  driven  into  the  tissues.  In  one  preparation 
(S-ll, Table  5),  the  remaining  tissues  were  transected  into  two  sections.  Til  to  L4  and 


r  Is"  f  # 


I 


■ 

1 

' 


V 

«.* 

A 

4 


13-7 


T3  to  T10,  and  compressed  with  the  distal  portions  of  the  isolated  columns  mounted  in 
methylmethacrylate  molded  into  15  cm  diameter  aluminum  cylinders  with  set  screws  driven 
into  the  tissues.  In  another  specimen  (S-12, Table  5) ,  the  remaining  viable  column  was 
remounted  at  T10  and  the  sacrum  with  methylmethacrylate  molded  into  15  cm  diameter  aluminum 
cylinders  with  set  screws  driven  into  the  tissues.  Slow  and  fast  compression  force  rates 
were  applied  with  the  MTS  and  Instron  devices.  Moment  arm  values  were  calculated  from 
the  original  vertical  spinal  axis,  between  T2  and  L5,  to  the  displaced  axis  at  the  maximum 
area  of  deformation,  usually  the  thoraco-lumbar  junction,  prior  to  loading.  This  moment 
arm  is,  therefore,  the  minimum  value  acting  on  a  preparation  which  usually  deforms  sub¬ 
stantially  during  compression.  Diagrams  indicate  approximate  fixation  and  specimen  shape. 

Transverse 

In  several  cervical  and  thoracic  specimens,  forces  transverse  to  the  column  were 
applied  with  a  2  cm  x  2  cm  steel  plate,  to  determine  the  shear  force  required  for  disrup¬ 
tion  of  the  anterior  and  posterior  ligamentus  complexes  (Table  6) .  In  the  cervical 
studies  (S-ll, 12, Table  6),  the  lower  cervical  elements  were  mounted  in  a  methylmethacry¬ 
late  block  with  the  forces  applied  in  either  an  anterior  tc  posterior  or  posterior  to 
anterior  direction  with  the  force  plate  at  C2  or  C3.  In  one  of  these  tests  (S-ll, run  4, 
Table  6),  the  anterior  aspect  of  C2  and  C3,  C4 ,  C5,  C6  were  mounted  in  methylmethacrylate 
blocks  with  the  force  applied  in  a  posterior  to  anterior  direction  at  the  C2  methylmetha¬ 
crylate  block.  In  another  test  (S-12, Table  6) ,  T6  and  T9  were  mounted  in  methylmetha¬ 
crylate  blocks  and  loaded  at  T9  in  an  anterior  to  posterior  manner.  Moment  arm  values 
were  calculated  from  the  distance  between  the  point  of  force  application  (center  of  plate) 
to  the  junction  of  where  the  specimen  is  mounted  in  the  methylmethacrylate  block. 

B.  IN  VITRO  TENSION  STUDIES  ON  ISOLATED  CERVICAL  SPINAL  COLUMNS  AND  CERVICAL 
SPINAL  CORDS 

Case  S-l  (Isolated  Column,  Table  1) 

This  50  year  old  isolated  column  was  mounted  in  the  Instron  Device  and  loaded  at  a 
constant  rate  of  0.13  cm  per  minute.  In  the  first  run,  the  specimen  was  mounted  at  C7 
and  the  base  of  the  skull.  An  endplate  disruption  was  observed  at  C4-C5  with  1446  Newtons, 
and  approximately  1.14  cm  of  distention.  Failure  commenced  in  the  anterior  compartment 
(all  anterior  ligaments  up  to  and  including  the  posterior  longitudinal  ligament)  and 
proceeded  posteriorly.  The  remaining  tissue  was  remounted  between  the  base  of  the  skull 
and  C3 ,  C4.  With  the  second  application,  failure  occurred  at  the  C1-C2  junction  with 
disruption  of  the  anterior  occipital-atlanto  ligament,  anterior  and  posterior  longitudinal 
ligament  and  right  articular  capsular  ligament.  The  failure  began  anteriorly  and  occurred 
at  1312  Newtons,  and  1.10  cm  of  distention. 

Comment  -  The  anterior  to  posterior  failures  were  similar  to  those  observed  in  the 
isolated  cadaveric  columns  of  the  monkeys  (32).  The  lower  force  value  for  failure  be¬ 
tween  Cl  and  C2  is  probably  due  to  the  stress  imposed  upon  the  column  during  the  first  run. 

Case  S-2  (Isolated  Column,  Table  1) 

This  36  year  old,  52  kg  preparation  was  mounted  at  C7  and  the  base  of  the  skull 
during  the  first  run.  A  circular  skull  fracture  at  the  foramen  magnum  occurred  at  1779 
Newtons  with  a  machine  deflection  of  2.67  cm  and  a  loading  rate  of  0.13  cm  per  minute. 

For  the  second  run,  the  specimen  was  mounted  at  Cl  and  C7  and  the  posterior  ligaments 
were  cut  at  C4-C5  up  to  but  excluding  the  posterior  longitudinal  ligament.  The  anterior 
complex  (disc,  anterior  and  posterior  longitudinal  and  intertransverse  ligament)  dis¬ 
rupted  at  1289  Newtons.  For  the  third  run  the  tissues  were  mounted  at  Cl  and  C4  with  the 
anterior  ligaments  transected  between  C2  and  C3  up  to  and  including  the  posterior  longi¬ 
tudinal  ligament.  Failure  of  the  posterior  complex  ( interspinous ,  supraspinous,  liga- 
mentum  flavum  and  articular  capsules)  occurred  at  622  Newtons. 

Comment  -  The  basilar  skull  fracture  of  the  first  run  shows  that  the  strength  of 
the  cervical  elements  was  in  excess  of  1779  Newtons.  The  posterior  ligament  and  anterior 
ligament  ablations  demonstrate  that  the  anterior  ligaments  are  stronger  than  the  posterior 
ligaments  as  found  in  the  monkey  (32  )  . 

Case  S-3  (Isolated  Column,  Table  1) 

This  65  year  old  isolated  column  was  mounted  in  the  MTS  device  and  loaded  at  a  rate 
of  127  cm/s.  In  the  first  run  the  specimen  was  anchored  at  T3  and  the  base  of  the  skull. 

An  endplate  failure  at  C6-C7,  as  well  as  partial  disruption  of  capsular  ligaments  at  Cl- 
C2  and  partial  disruption  of  the  interspinous  ligament  at  C3-C4  occurred  at  1668  Newtons 
with  a  machine  deflection  of  3.3  cm.  For  the  second  run,  che  preparation  was  anchored  at 
C6  and  the  base  of  the  skull,  and  the  posterior  ligament  complex  was  transected  between 
C3  and  C4.  The  MTS  device  malfunctioned  with  no  injury  to  the  column  and  no  recorder 
output.  For  the  third  run  the  remaining  tissue  was  remounted  at  C3  and  the  base  of  the 
skull.  No  injury  occurred  with  a  load  of  1668  Newtons  and  a  distention  of  4.4  cm.  The 
preparation  was  remounted  and  the  test  was  repeated.  In  test  four  a  fracture  of  the 
odontoid  base  and  through  the  anterior  arch  of  C2  was  produced  with  1390  Newtons  and  a 
machine  deflection  of  1.4  cm.  The  dens  and  fractured  arch  were  still  inserted  in  the 
atlas  and  no  occipital-atlar.to  ligamentous  damage  occurred.  The  spinal  cord  was  not 
visibly  damaged. 
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Comment  -  Although  partial  disruption  of  the  articular  capsules  at  C1-C2  occurred 
in  the  first  run,  subsequent  runs  upon  the  upper  cervical  column  (C3-base  of  the  skull) 
were  required  to  bring  about  failure. 

Case  S-4  (Isolated  Column,  Table  1) 

This  76  year  old,  59  kg  preparation  was  mounted  at  T3  and  the  base  of  the  skull  for 
the  first  three  runs.  During  the  first  and  second  runs,  loads  of  556  and  1056  Newtons  were 
obtained,  respectively,  with  no  injuries  occurring.  During  the  third  run,  an  endplate 
disruption  at  C6-C7  along  with  partial  disruption  of  the  capsular  ligaments  at  C2-C3 
occurred  with  778.4  Newtons,  a  machine  deflection  of  2.4  cm  and  a  1.46  cm  distention  be¬ 
tween  C3  and  C7.  For  the  fourth  run,  the  anterior  ligaments  were  transected  between  C2 
and  C3,  up  to  and  including  the  posterior  longitudinal  ligament,  with  the  specimen  mounted 
between  C5-C6  and  the  base  of  the  skull.  The  posterior  complex  disrupted  at  C2-C3  with  a 
force  of  444.8  Newtons  and  a  distention  of  1.8  cm.  The  spinal  cord  showed  no  damage. 

Comment  -  The  lower  cervical  endplate  failure  of  the  third  run  occurred  at  778.4 
Newtons.  This  force  is  approximately  50%  less  than  the  forces  obtained  for  similar  lower 
cervical  endplate  failures,  which  is  probably  due  to  weakening  of  the  column  as  a  result 
of  the  two  previous  runs.  The  anterior  ablation  demonstrated  that  the  anterior  ligaments 
are  stronger  than  the  posterior  ligaments,  as  found  in  the  monkey  (32) . 

Case  S-5  (Isolated  Column,  Table  1) 

This  63  year  old  preparation  sustained  a  C6-C7  endplate  failure  along  with  disruption 
of  the  articular  capsules  at  C1-C2.  This  occurred  with  1835  Newtons,  a  distention  of  2.12 
cm  between  Cl  and  C7  and  a  loading  rate  of  142  cm/s,  with  the  specimen  mounted  at  the  base 
of  the  skull  and  T3.  The  second  run  was  a  C2-C3  posterior  ablation  with  the  specimen  re¬ 
mounted  at  C6  and  the  base  of  the  skull.  A  C3-C4  endplate  disruption  was  observed  at  612 
Newtons. 

Comment  -  The  endplate  failure  of  C3-C4  in  the  second  run  must  have  occurred  as  a 
result  of  the  first  run,  although  no  apparent  damage  was  observed  at  that  junction  after 
the  first  run.  The  force  obtained  during  the  second  run  did  not  damage  the  anterior 
complex  of  C2-C3,  which  is  consistent  with  previous  data  (32,34).  No  damage  was  observed 
in  the  spinal  cord. 

Cases  S-3,4,5  (Human  Cervical  Spinal  Cords,  Table  1) 

The  remaining  cervical  cords  were  removed  and  mounted  into  the  jaws  of  the  apparatus. 
For  S-3,  the  isolated  cervical  cord  failed  between  the  jaws  at  278  Newtons  with  a  loading 
rate  of  106  cm/s.  The  free,  unclamped  region  between  the  jaws  was  7.6  cm  long.  In  S-4, 
the  isolated  cervical  spinal  cord  was  transected  at  the  midcervical  level  at  167  Newtons 
with  a  loading  rate  of  1.6  cm/s.  The  length  of  the  cord  between  the  jaws  was  3.8  cm. 

For  S-5  the  cervical  spinal  cord  was  disrupted  at  the  midcervical  region  at  389  Newtons 
with  a  loading  rate  of  118  cm/s.  None  of  the  cords  slipped  in  the  jaws. 

Comment  -  The  dynamic  forces  were  approximately  twice  those  required  for  static 
disruption.  Failures  were  observed  at  the  midsections  with  approximately  10-26%  elongations . 

Case  S-9  (Isolated  Column,  Table  1) 

This  61  year  old  preparation  had  a  posterior  complex  disruption  at  C6-C7  followed  by 
total  disruption  of  the  soft  tissues  at  that  interspace.  This  failure  was  observed  at  1940 
Newtons  with  0.13  cm/min  loading.  For  the  second  dynamic  test,  the  machine  malfunctioned 
and  only  provided  a  maximum  of  2688  Newtons.  This  force  was  not  sufficient  to  damage  the 
spinal  column.  For  the  third  run,  a  C4-C5  endplate  failure  occurred  with  1601  Newtons  and 
a  rate  of  loading  of  0.13  cm/min. 

Comment  -  The  dynamic  force  applied  to  the  isolated  cervical  column  in  the  second 
test  was  at  least  40%  greater  for  run  one  and  70%  greater  for  run  three  than  that  required 
statically,  without  failure. 

Case  S-23  (Whole  Torso  and  Isolated  Cervical  Column,  Table  1) 

In  this  25  year  old,  68  kg  preparation,  the  cervical  spinal  column  was  isolated  from 
the  intact  head  to  C4,  and  anchored  through  the  anterior  portions  of  the  vertebral  body  of 
C3  and  C4  with  steimen  pins  (run  1,  Table  1).  The  posterior  complex,  posterior  longitudinal 
ligament,  intertransverse  ligament,  and  the  posterior  and  anterior  annulus  of  the  disc  were 
ablated,  leaving  only  the  anterior  longitudinal  ligament  intact.  A  tensile  load  was  applied 
to  the  anterior  portions  of  the  C3  and  C4  vertebral  bodies  at  a  rate  of  0.13  cm/s.  A 
force  of  845.1  Newtons  and  distention  of  2.29  cm  resulted  in  disrupting  the  anterior  longi¬ 
tudinal  ligament  at  the  C3,C4  interspace.  For  the  second  run,  the  column  was  remounted  at 
the  head  and  Cl,  C2.  The  posterior  complex  was  ablated  at  the  Cl,  C2  interspace  leaving 
the  anterior  longitudinal  ligament  and  the  tectorial  membrane  intact.  The  force  was 
applied  along  the  spinal  axis  with  direct  vertical  loading,  which  produced  disruption  of 
the  anterior  longitudinal  ligament  and  tectorial  membrane  at  Cl,  C2  with  689.4  Newtons. 

Comment  -  The  ablation  studies  of  runs  1  and  2  give  some  indication  of  the  strenghts 
of  the  anterior  longitudinal  ligament  and  anterior  annulus.  The  lower  force  value  for 
failure  betv  en  Cl  and  C2  during  the  second  run  is  probably  due  to  the  stress  imposed  upon 
the  column  during  previous  runs. 
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C.  IN  VITRO  HUMAN  AXIAL  TENSION  STUDIES  ON  INTACT  WHOLE  TORSOS 

Case  S-6  (Whole  Torso,  Table  2) 

This  67  year  old,  72.5  kg  cadaver  expired  due  to  smoke  inhalation.  For  this  study, 
the  entire  torso,  including  the  head  and  neck  were  mounted  in  the  frame  with  a  rigid  yoke 
fixed  on  the  shoulders.  At  a  loading  rate  of  125  cm/s  and  a  peak  force  of  3780  Newtons, 
a  transverse  circular  skull  fracture  occurred  at  the  base  of  the  skull  through  the  sellar 
region.  However,  the  cervical  ligaments  did  not  fail.  High  speed  films  of  the  test  show 
that  the  specimen  underwent  direct  vertical  loading. 

Comment  -  This  failure  is  similar  to  that  of  run  one,  preparation  S-2.  The  circular 
skull  fracture  observed  for  this  preparation  suggests  that  the  '’ynamic  force  is  approxi¬ 
mately  twice  that  required  for  a  static  skull  fracture.  This  study  also  suggests  chat 
this  human  cadaver  neck  could  withstand  at  least  3780  Newtons  without  disruption. 

Case  S-7  (Whole  Torso,  Table  2) 

The  70  year  old  specimen  was  mounted  using  the  entire  torso  with  a  rigid  yoke  fixed 
on  the  shoulders.  A  linear  potentiometer  was  also  mounted  between  the  base  of  the  skull 
and  the  spinous  process  of  T2.  High  speed  films  show  that  the  specimen  underwent  direct 
axial  loading  with  less  than  j°  of  rotation.  This  preparation  had  four  runs,  each  at  a 
different  machine  stroke  limit.  The  first  three  runs  were  done  at  20%,  40%  and  50%  of 
the  total  machine  stroke  of  10  cm.  The  fourth  run  was  done  at  100%  of  the  total  machine 
stroke.  During  the  first  three  dynamic  runs,  no  cervical  injuries  were  observed,  although 
forces  of  2216.4  Newtons,  1535.4  Newtons,  2780  Newtons  and  linear  potentiometer  displace¬ 
ments  of  2.82  cm,  2.54  cm  and  2.84  cm  were  recorded  for  the  three  runs,  respectively. 

An  odontoid  fracture  (at  its  base  and  still  inserted  in  the  atlas)  occurred  at  3892  New¬ 
tons  and  1.85  cm  linear  potentiometer  distention  during  the  fourth  dynamic  run.  The 
cruciform,  transverse  and  lateral  alar  odontoid  ligaments  were  left  intact,  as  were  the 
other  cervical  ligaments. 

Comment  -  This  rtudy  shows  that  the  cervical  column  (T2-base  of  skull)  is  able  to 
withstand  distractions  of  approximately  2  to  3  cm  without  obvious  ligamentous  damage. 

The  odontoid  fracture  at  3869.3  Newtons,  without  ligament  failure,  demonstrates  the 
strength  of  the  cervical  ligaments  and  is  comparable  to  the  forces  involved  in  run  one 
of  S-6  (Table  2) . 

Co.se  S-8  (Whole  Torso,  Table  2) 

This  70  year  old,  75.8  kg  specimen  was  mounted  using  the  entire  torso  in  a  frame, 
with  a  rigid  yoj.v  placed  upon  the  shoulders.  A  linear  potentiometer  was  mounted  between 
the  base  of  the  skull  and  the  spinous  process  of  T2,  to  monitor  the  amount  of  cervical 
distraction.  During  the  first  run,  the  recording  device  failed.  The  force  and  the 
distention  applied  to  the  preparation  were  unavailable.  There  was  no  apparent  injury  after 
the  first  run,  although  films  indicate  a  direct  vertical  loading,  followed  by  a  slight 
extension  of  the  neck  as  the  piston  came  to  rest.  The  specimen  was  remounted  for  a 
second  run.  An  odontoid  fracture  at  its  base  and  disruption  of  the  posterior  ligament 
complex  at  C1-C2  was  observed  at  2446  Newtons  with  direct  vertical  loiding  of  129  cm/s. 

Comment  -  The  failures  of  this  preparation  occurred  at  approximately  60%  of  the 
forces  obtained  for  similar  failures  (s-6  and  S-7, Table  2).  The  lower  forces  in  run  2, 
is  probably  due  to  weakening  of  the  column  during  the  first  run. 

D.  IN  VITRO  HUMAN  COMPRESSION  STUDIES  ON  ISOLATED  CERVICAL  SPINAL  COLUMNS 

Case  S-6  (Isolated  Column,  Table  3) 

This  67  year  old  preparation  was  mounted  at  C7  and  the  base  of  the  skull  with 
methylmethacrylate.  The  force  was  applied  along  the  spinal  axis  at  a  rate  of  120  cm/s. 

A  load  of  4500  Newtons  was  obtained,  producing  a  C5  burst  fracture  with  anterior  sub¬ 
luxation  of  C5  on  C6  (Figure  2A&B).  The  anterior  and  posterior  longitudinal  ligaments  and 
discs  were  intact,  however,  the  posterior  ligament  complex  was  disrupted  at  the  C5-C6 
junction. 

Comment  -  This  failure  is  similar  to  those  observed  clinically. 

Case  S-10  (Isolated  Cervical  Column,  Table  3) 

In  this  76  year  old  specimen,  the  spinal  column  was  isolated  from  the  base  of  the 
skull  to  T2 .  The  cervical  section  was  mounted  at  the  base  of  the  sku) 1  and  T1,T2  with 
methylmethacrylate.  With  the  force  applied  2  cm  posterior  to  spinal  axis,  the  preparation 
was  forced  into  extension  with  a  loading  rate  of  130  cm/sec  and  a  force  of  4410  Newtons, 

A  transverse  fracture  of  the  odontoid  and  of  the  C6  vertebral  body  with  complete  avulsion 
of  the  anterior  longitudinal  ligaments  was  observed. 

Comment  -  The  transverse  fracture  of  the  odontoid  in  the  cervical  test  is  similar 
to  the  failure  observed  in  S-7,  run  4  and  S-8,  run  2  (Table  2)  although  the  force  was 
approximately  20-90%  greater  in  compression  than  in  tension. 

Case  S-l 1  (Isolated  Cervical  Column,  Table  3) 

In  this  55  year  old,  43.1  kg  specimen,  the  spinal  column  was  available  from  the 
intact  head  to  T2 .  The  tissues  were  fixed  with  a  3.6  kg  steel  plate  on  the  vertex  of  the 
head  and  Tl,  T2  mounted  in  methylmethacrylate.  During  this  run,  the  plate  slipped  off 
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2:  S-6  (Table  3,  Run  1).  A)  This  preparation  is  shown 

in  a  lateral  view  with  the  column  in  extension.  The 
arrow  points  to  the  C5  vertebral  body  which  has  been 
fractured  and  pushed  anteriorly  upon  C6.  B)  Force 
versus  time  plot. 
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3:  S-12  (Table  3,  Run  1) .  A)  This  specimen  is  shown 

in  a  lateral  view  with  the  column  in  a  neutral  position 
The  arrow  points  to  the  disruption  of  the  posterior 
ligamentus  complex  at  the  C1,C2  junction.  B)  Force 
versus  time  Plot. 


13-19 


the  back  of  the  head,  moving  the  head  forward  approximately  8.9  cm.  The  continuous 
force  component  could  not  be  determined.  A  machine  force  of  400.3  Newtons  was  ob¬ 
served.  The  posterior  ligament  complex  and  tectorial  membrane  disrupted  at  Cl ,  C2. 

Comment  -  The  axial  force  measured  during  this  test  is  probably  too  low  to  cause 
injury  to  column.  The  injury  sustained  was  probably  the  result  of  the  head  flexinq 
forward. 

Case  S-12  (Isolated  Cervical  Column,  Table  3) 

The  spinal  column,  from  the  intact  head  to  Tl,  was  isolated  from  this  57  year  old 
specimen.  The  head  was  flexed  30  degrees  forward  with  force  applied  at  the  inion.  A 
posterior  ligament  complex  disruption  at  C1-C2  with  a  force  of  1779  Newtons  at  a  rate 
of  152  cm/s  was  observed  (Figures  3  A&B) . 

Comment  -  The  failure  of  the  cervical  column  in  flexion  occurred  at  a  value  2.5 
times  less  than  the  forces  involved  in  the  failure  of  cervical  columns  loaded  axially 
(S-6 , 10 ,Table  5).  The  maximum  force  for  this  specimen  is  in  the  ranqe  of  the  forces 
observed  for  axial  tension  studies  of  the  isolated  cervical  column. 

Case  S-13  (Isolated  Cervical  Column,  Table  3) 

In  this  84  year  old  specimen,  the  spinal  column  was  isolated  from  the  intact  head 
to  T2.  The  force  was  applied  5  cm  anterior  to  the  spinal  axis,  at  a  rate  of  112  cm/s. 

A  flexion  injury  at  the  C2-C3  junction  occurred  disrupting  the  posterior  liaamentus  com¬ 
plex,  exposing  the  spinal  cord  and  disrupting  the  anterior  lonqitudinal  ligament,  along 
with  partial  compression  failure  of  the  disc  at  a  force  of  2309.4  Newtons. 

Comment  -  The  failure  incurred  for  this  preparation  included  posterior  ligament 
and  bony  compression.  The  finding  between  S-12  and  S-13  may  be  due  to  the  initial 
position  of  the  plate  (Table  3) . 

Case  S-15  (Isolated  Cervical  Column,  Table  3) 

The  cervical  spinal  column  of  this  54  year  old  specimen  was  isolated  and  anchored 
between  the  intact  head  and  T2-T3.  The  head  was  flexed  forward  approximately  20  degrees 
from  the  horizontal  and  the  force  applied  2.5  cm  anterior  to  the  spinal  axis.  The  head 
rotated  approximately  35  degrees  anteriorly  with  the  force  plate  coming  to  rest  on  the 
occipital  protuberance.  A  force  of  4448  Newtons  and  a  rate  of  122  cm/s  was  observed. 

A  flexion  injury  occurred  with  the  anterior  longitudinal  ligament  and  disc  being  avulsed 
at  the  C2-C3  junction.  A  C4-C5  endplate  failure,  accompanied  by  partial  fracture  of  the 
anterior  inferior  vertebral  body  of  C4  was  also  observed  (Figures  4  A&B) . 

Comment  -  Tie  force  obtained  applied  to  this  specimen  is  approximately  two  to  three 
times  greater  than  the  forces  seen  in  the  flexion  injuries  of  S-12  and  S-13  (Table  3) . 
This  force  is  similar  to  the  force  obtained  from  3-6  (Table  3) . 

Case  S-18  (Isolated  Cervical  Column,  Table  3) 

In  this  41  year  old  specimen,  the  spinal  column  was  isolated  from  the  intact  head 
to  T3  and  anchored  with  a  3.6  kg  steel  plate  on  the  vertex  of  the  head  and  T2,  T3  mounted 
in  methylmethacrylate.  The  natural  curvature  of  the  cervical  column  was  eliminated  by 
removing  the  jaw  and  flexing  the  head  forward.  During  this  test,  the  specimen  moved 
forward  and  laterally  (to  the  right)  as  a  result  of  the  force  plate  slipping  on  the  scalp. 
An  axial  force  of  644.5  Newtons  and  a  0.48  cm  distention  was  observed  at  a  rate  of  0.25 
cm/s.  The  articular  capsules  and  facets  were  disrupted  on  the  left  side  from  C2  to  C7 
and  the  posterior  complex  at  C1-C2  was  distended  beyond  its  physiologic  limits. 

Comment  -  The  disruption  of  the  articular  facets  and  capsules  from  C2  to  C7  is  the 
result  of  the  force  plate  twisting  the  cervical  column  to  the  right. 

Case  S-19  (Isolated  Cervical  Column,  Table  3) 

The  cervical  spinal  column  was  isolated  in  this  68.1  kg,  61  year  old  specimen  and 
mounted  at  the  base  of  the  skull  and  T2,  T3  for  all  tests.  A  linear  potentiometer  was 
mounted  between  the  base  of  the  skull  and  Tl  spinous  process  to  measure  cervical  dis¬ 
tention.  The  mandible  was  removed  and  the  force  was  applied  along  the  spinal  axis.  This 
specimen  was  subjected  to  a  series  of  twelve  tests  with  the  impulse  to  the  piston  being 
a  step  function.  No  failures  were  observed  for  the  first  twelve  tests  at  440  Newtons. 
Therefore,  they  are  not  recorded  on  Table  3.  In  the  thirteenth  test  (run  1) ,  a  force  of 
1601.3  Newtons,  a  machine  deflection  of  1.12  cm  and  a  rate  of  23  cm/s  was  observed,  with 
the  head  twisting  to  the  left  and  the  articular  facets  being  disrupted  at  C1-C2.  The 
specimen  was  set  up  again  for  the  fourteenth  test  (run  2)  and  loaded  at  a  rate  of  60  cm/s. 
A  fracture  of  the  right  anterior  arch  of  the  axis  and  a  tear  drop  fracture  of  anterior 
body  of  C 2  with  stretching  of  the  supraspinous  and  interspinous  ligament  at  C1-C2 
occurred.  A  force  of  1509.2  Newtons  and  a  machine  deflection  of  1.14  cm  was  measured 
(Figures  5  A&B) . 

Comment  -  This  isolated  cervical  column  underwent  direct  vertical  loading.  The 
forces  may  be  compared  to  those  in  S-6,  run  1  (Table  3),  which  are  probably  due  to 
weakening  of  the  column  during  the  numerous  runs. 


ffl 


Figure  4:  S-15  (Table  3,  Run  1)  A)  This 

preparation  is  shown  in  a  lateral  view 
with  the  column  flexed  forward  at  the 
C4,C5  junction.  This  isolated  column 
underwent  a  forced  flexion  test.  The  top 
arrow  points  to  the  C2-C3  interspace  where 
the  anterior  longitudinal  and  interverte¬ 
bral  disc  were  disrupted.  The  bottom 
arrow  points  to  the  C4,C5  endplate  failure 
with  a  partial  co..ipression  fracture  of 
anterior  inferior  body  of  C4 .  B)  Force 
versus  time  plot. 
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Figure  5:  S-19  (Table  3,  Run  2).  A)  This 

Dreparation  is  shown  in  a  lateral  view  with 
the  column  in  a  slightly  extended  position. 
The  arrow  points  to  the  teardrop  fracture 
of  the  anterior  body  of  C2 .  B)  Force  versus 
time  plot. 
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Case  S-20  (Isolated  Cervical  Column,  Table  3) 

This  64  year  old  preparation  expired  due  to  septicemia.  The  cervical  column  was 
isolated  and  mounted  at  Cl  and  Tl,  T2 ,  T3.  The  force  was  applied  along  the  spinal  axis 
during  run  1  and  a  rupture  of  the  disc  occurred  at  the  C4-C5  junction.  The  recorder 
mal ' unctioned.  The  specimen  was  set  up  in  the  same  manner  for  the  second  run,  with  the 
force  applied  to  the  spinal  axis  at  82  cm/s.  The  articular  capsules  and  facets  were  dis¬ 
rupted  on  the  left  side  of  the  column  at  C3-C4  and  C4-C5,  and  a  partial  avulsion  of  the 
anterior  longitudinal  ligament  at  C6-C7  occurred  at  "’434. 8  Newtons. 

Comment  -  The  maximum  force  of  7434.8  Newtons  obtained  with  this  specimen  was  the 
highest  force  level  observed  with  any  of  the  isolated  cervical  column  compression  tests. 

A  possible  explanation  is  that  a  preparation  fixed  at  Cl  places  the  vertebral  bodies  in 
direct  opposition  to  one  another  and  distributes  the  loads  over  a  greater  portion  of 
the  column. 

Case  S-21  (Isolated  Cervical  Column,  Table  3) 

In  this  30  year  old  preparation,  the  cervical  column  was  isolated  and  anchored  at 
the  base  of  the  skull  and  T3-T4.  This  specimen  had  a  battery  of  23  tests  at  less  than 
£00  Newtons  of  compressive  force  and  0.5  cm  compression  to  obtain  data  concerning  the 
spring  constants  (k)  and  damping  constants  (c)  of  the  cervical  column.  No  failures  were 
observed  during  the  first  22  tests  and,  therefore,  they  are  not  recorded  on  Table  3.  In 
the  twenty-third  test  (run  1) ,  the  column  was  mounted  at  the  base  of  the  skull  to  T3-T4 
and  flexed  forward  25  degrees  with  respect  to  the  horizontal.  The  force  was  applied 
along  the  spinal  axis  at  a  rate  of  25  cm/s  with  a  load  of  1868.2  Newtons.  The  column 
underwent  a  posterior  to  anterior  angulation  of  35  degrees  with  respect  to  the  horizontal, 
at  the  C4-C5  junction  and  a  70  degree  forward  flexion  of  the  total  column.  The  interior 
inferior  body  of  C4  and  the  superior  anterior  body  of  C5  were  fractured. 

Comment  -  The  compression  fractures  of  the  C4  and  C5  vertebral  bodies  emphasize 
that  most  of  the  flexion/extension  of  the  cervical  spine  is  in  the  central  region.  The 
C5-C6  interspace  is  generally  considered  to  have  the  longest  range  of  flexion/extension, 
but  the  C3-C4,  C4-C5  and  C6-C7  interspaces  are  all  able  to  undergo  a  considerable  range 
of  flexion/extension  (40)  . 

E.  IN  VITRO  HUMAN  COMPRESSION  STUDIES  ON  INTACT  WHOLE  TORSOS 

Case  £-14  (Whole  Torso,  Table  4) 

This  71  year  old  specimen  was  mounted  using  the  entire  torso  in  the  frame  with  a 
rigid  yoke  positioned  under  the  arms.  The  force  was  applied  at  the  hairline  approximately 

7.5  cm  anterior  to  the  vertex,  with  the  neck  in  extension  40  degrees  with  respect  to  the 
horizontal.  An  endplate  failure  at  C5-C6  occurred  with  the  anterior  lonaitudinal  liga¬ 
ment  disrupted,  the  posterior  longitudinal  ligament  intact,  an  avulsion  fracture  of  the 
anterior  inferior  body  of  C4,  a  fracture  of  the  spinous  process  of  C6  and  a  small  chip 
fracture  of  the  anterior  superior  body  of  C5,  at  1512  Newtons  with  a  force  application 
of  122  cm/s  (Figures  6  A&B) . 

Comment  -  The  type  of  failu  e  that  occurred  with  this  specimen  can  be  classified  as 
an  extinsron  injury.  The  failure  of  the  endplate  at  the  lower  cervical  level  and  the 
force  involved  is  similar  to  the  endplate  failures  and  forces  of  the  axial  tension  studies 
of  the  isolated  cervical  columns  (S-l , 3 , 4 , 5 , 9 , Table  1),  except  that  the  bodies  of  C4 
and  C5  are  avulsed.  The  probable  explanation  for  this  is  that  during  a  forced  extension, 
the  anterior  portions  of  the  column  are  placed  in  tension. 

Case  S-16  (Whole  Torso  Column,  Table  4) 

This  8C  year  old,  63.5  kg  specimen,  expired  due  to  a  spontaneous  subarachnoid 
hemorrhage.  The  whole  torso  was  mounted  in  the  frame  with  a  rigid  metal  yoke  placed  under 
the  arms.  The  force  was  applied  along  the  spinal  axis  with  a  3.6  kg  impactor  plate, 

2.5  cm  above  the  vertex,  at  a  rate  of  112  cm/s.  The  column  appeared  to  undergo  a  straight 
vertical  loading  with  the  head  ultimately  going  into  15  to  20  degrees  of  flexion.  The 
supraspinous,  interspinous  and  articular  capsules  were  disrupted  at  the  C1-C2  junction  and 
the  posterior  occipital-atlanto  ligament  was  stretched  beyond  its  physiologic  limits. 

Comment  -  For  these  high  loading  rates  the  ligaments  are  often  distended  without 
honey  damage. 

Case  S-17  (Whole  Torso  Column,  Table  4 )_ 

This  65  year  old  specimen  was  mounted  using  the  entire  torso  in  the  frame  with  a  ric-id 
yoke  placed  under  the  arms.  The  force  is  applied  along  the  spinal  axis  with  a  3.6  kg  im¬ 
pactor  plate,  1.9  cm  above  the  vertex  of  the  head.  Upon  impact,  the  head  moved  down  and 
forward.  An  occiput-Cl,  and  C1-C2  flexion  injury  occurred  with  the  posterior  occipital- 
atlanto  ligament  stretched  beyond  its  physiologic  limits  and  the  articular  cansules  and 
supraspinous  ligament  disrupted  between  Cl  and  C2. 

Comment  -  The  failure  of  the  upper  cervical  region  in  the  whole  torso  test  is  eora- 
parable  to  the  failure  of  S-16,  run  1  (Table  4).  This  flexion  injury  can  probably  occur 
with  a  force  of  approximately  2000  to  3000  Newtons. 
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F.  IN  VITRO  HUMAN  COMPRESSION  STUDIES  ON  ISOLATED  THORACO-L'JMBAR  COLUMNS 

Case  S-10  (Thoraco-Lumbar  Column,  Table  5) 

For  the  thoraco- lumbar  study,  the  specimen  was  mountec.  it  T3-T4  and  L5  with 
methylmethacrylate.  The  preparation  was  loaded  at  2  cm/s  with  a  blowout  fracture  of 
the  body  of  Ll,  rupture  of  the  anterior  longitudinal  ligament  and  unilateral  fracture 
of  the  left  pedicle  (root  of  arch)  and  transverse  process  occurred.  A  force  of  1735 
Newtons  was  measured.  The  column  underwent  a  posterior  to  anterior  angulation.  That 
is,  (the  column  buckled  with  a  87  degree  included  anqle  at  the  T12-L1  -junction)  with  a 
22  degree  right  lateral  column  angulation. 

Comment  -  The  failure  of  Ll  is  consistent  with  the  fact  that  the  thoraco- lumbar 
junction  exhibits  the  highest  torsional  stiffness.  This  makes  the  T12-L1  motion  segment 
the  site  of  high  stress  concentration  and  as  such,  is  the  site  of  the  highest  frequency 
of  spine  injuries. 

Case  S-ll  (Isolated  Thoraco-Lumbar  Column,  Table  5) 

The  thoraco- lumbar  section  was  mounted  at  T3,  T4  and  L5  with  the  force  applied  along 
the  spinal  axis.  The  column  flexed  approximately  60  degrees  with  respect  to  the  horizontal 
and  the  center  of  the  bodies  cf  Til  and  T12.  A  maximum  force  of  1134  Newtons  was  measured. 
An  anterior  wedge  fracture  of  Til  with  avulsion  of  the  anterior  and  posterior  longitudinal 
ligament  was  found  (Figures  7  A,BiC).  The  remainder  of  the  thoraco-lumbar  section  was  re¬ 
mounted  in  two  sections,  Til  to  L4  and  T3,  T4  to  T10  with  methylmethacrylate.  The  Til  to 
L4  section  underwent  three  runs.  The  first  dynamic  run  and  second  static  run  resulted  in 
no  apparent  injuries  at  forces  of  4904.8  and  4803.8  Newtons,  respectively.  With  a  loading 
rate  of  1.0  cm/s  and  a  force  of  4848  Newtons,  a  disruption  of  the  posterior  ligament 
complex  occurred  at  the  T12-L1  junction.  The  load  was  applied  along  the  spinal  axis  of 
the  remaining  T3  to  T10  section,  at  a  rate  of  1.1  cm/s  and  a  force  of  3647  Newtons.  The 
column  underwent  a  lateral  movement  of  approximately  30  degrees.  The  articular  capsules 
were  stretched  beyond  their  physiologic  limits  at  the  T9-T10  junction. 

Comment  -  The  second  thoracic  segment  (T11-L4)  underwent  three  runs  with  forces 
ranging  from  approximately  4800  to  4900  Newtons  before  failure  of  the  column  occurred. 

These  forces  are  nearly  4.5  times  greater  than  those  attained  with  the  intact  isolated 
thoraco-lumbar  column.  This  is  probably  due  to  the  elimination  of  the  natural  curvature 
of  the  spine  as  the  result  of  testing  a  smaller  thoraco-lumbar  section.  The  T3  to  T10 
segment  underwent  a  force  approximately  three  times  greater  than  those  of  S-ll  (run  1, 
Table  5) .  This  may  be  due  to  the  elimination  of  the  natural  curvature  of  the  spine  and 
the  smaller  spinal  section. 

Case  S-12  (Isolated  Thoraco-Lumbar  Column,  Table  5) 

The  thoraco-lumbar  section  was  mounted  at  T2,  T3  and  L5-sacrum  with  methylmethacry¬ 
late.  Initially,  the  spine  was  flexed  forward  30  degrees  with  the  force  applied  to  the 
center  of  the  vertebral  body  of  T2.  The  final  included  angle  between  the  center  of  the 
bodies  of  T10  and  Til  was  95  degrees.  A  force  of  978  Newtons  was  measured.  A  fracture 
of  the  T9  vertebral  body  just  above  the  disc,  and  disruption  of  the  left  lateral  portions 
of  the  ligamentum  flavum  was  found.  The  remaining  column  was  remounted  between  T10,  Til 
and  L5-sacrum  and  underwent  two  runs.  A  force  of  4558.7  Newtons  at  a  rate  of  102  cm/s 
was  observed  during  the  first  run,  but  no  failure  occurred.  During  the  second  run,  a 
compression  fracture  of  the  body  of  L2  and  disruption  of  the  posterior  longitudinal  liga¬ 
ment  and  ligamentum  flavum  at  the  L2-L3  junction  occurred  with  a  force  of  2885.9  Newtons 
at  a  rate  of  127  cm/s. 

Comment  -  The  failure  of  the  second  segment  (TIO-sacrum)  occurred  at  a  force  of 
approximately  50%  less  than  the  force  obtained  in  the  first  run  of  this  seqment,  in  which 
no  injury  occurred.  This  is  probably  due  to  weakening  of  the  column  in  the  previous  runs. 

Case  S-13  (Isolated  Thoraco-Lumbar  Column,  Table  5) 

The  isolated  column  was  anchored  at  T3-T4  and  L4-LE  with  methylmethacrylate,  and  the 
force  was  applied  along  the  spinal  axis.  The  column  had  a  135  degree  final  included  anqle 
at  the  T7-T8  junction,  and  a  35  degree  right  lateral  movement  at  the  T7-T8  junction. 

A  force  of  2224  Newtons  was  measured.  A  comprr .sion  wedqe  fracture  of  the  bodies  of  T7, 

T12  and  L2  was  found.  A  bone  chip  was  present  in  the  superior  anterior  portion  of  the 
body  of  T8  along  with  a  fracture  of  the  spinous  process  of  T8.  The  posterior  ligament 
complex  and  the  anterior  ’-ngitudinal  ligament  were  disrupted  at  the  T7-T8  junction, 
exposing  the  spinal  cord. 

Comment  -  The  compression  (wedqe)  fractures  of  T7,  T12  and  L2  are  an  indication 
that  the  entire  column  flexed  forward,  even  though  the  greatest  amount  of  flexion 
occurred  at  T7-T8  junction. 

Case  S-16  (Isolated  Thoraco- Lumbar  Column,  Table  5) 

The  spinal  column  was  isolated  from  T2  to  the  sacrum  and  mounted  in  methylmethacry¬ 
late.  The  column  was  placed  with  the  bodies  of  T2-T3  angulated  forward  35  deqrees.  The 
force  applied  was  at  a  rate  of  122  cm/s.  A  90  degree  included  angle  at  the  T10-T11 
junction,  as  well  as  a  right  lateral,  angulation  of  approximately  30  degrees  at  failure. 

A  T10-T11  endplate  failure  with  a  wedge  fracture  of  Til,  disruption  of  the  posterior 
ligament  complex  and  partial  disruption  of  the  spinal  cord  was  observed  (Fiqures  8  A,B 
and  C) . 
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Figure  8:  S-16  (Table  5,  Run  1)  . 

A)  This  is  an  anterior  to  posterior 
view  with  the  column  in  a  slight 
lateral  angulation.  The  arrow 
points  to  the  T10.T11  endplate 
failure.  B)  This  is  a  lateral 
view  with  the  column  in  a  flexed 
position.  The  arrow  points  to 
the  T10.T11  endplate  failure  with 
a  compression  fracture  to  the  body 
of  Til.  C)  Force  versus  time  plot. 
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Comment  -  This  test  is  similar  to  flexion  test  of  S-12  (run  1,  Table  5).  Both 
these  preparations  were  flexed  30  to  35  degrees  prior  to  loading  which  resulted  in  a 
compression  (wedge)  fracture  of  vertebral  bodies  immediately  above  to  the  thoraco-lumbar 
junction. 

Case  S-17  (Isolated  Thoraco-Lumbar  Column,  Table  5) 

The  thoraco-lumbar  spinal  column  was  mounted  at  T2  ,  T3  and  L5-sacrum  with  methyl¬ 
methacrylate.  This  column  had  a  forced  flexion  with  the  line  of  force  7.5  cm  forward  of 
the  center  of  the  vertebral  bodies.  The  column  was  flexed  to  an  included  angle  of  100 
degrees  at  the  T9-T10  junction  and  a  right  lateral  movement  of  30  degrees  at  a  rate  of 
122  cm/s.  A  force  of  788.6  Newtons  ana  a  moment  about  the  center  of  the  vertebral  bodies 
of  59.1  Joules  was  observed.  A  wedge  fracture  of  T9  and  disruption  of  the  posterior 
ligament  complex  and  posterior  longitudinal  ligament  occurred. 

Comment  -  The  force  observed  in  the  forced  flexion  of  the  isolated  thoraco-lumbar 
column  is  approximately  1.5  to  3  times  less  than  the  forces  achieved  with  similar  columns 
under  straight  axial  compression.  The  lower  force  value  may  be  the  result  of  the  moment 
produced  about  the  center  of  the  vertebral  bodies. 

Case  S-18  (Isolated  Thoraco-Lumbar  Column,  Table  5) 

The  thoraco-lumbar  spinal  column  was  mounted  at  T4-T5  and  L4-L5  with  methylmethacry¬ 
late.  This  column  was  subjected  to  a  forced  flexion  with  the  line  of  force  2.5  cm  forward 
of  the  center  of  the  vertebral  bodies.  The  column  underwent  a  total  angulation  of  approxi¬ 
mately  120  (included  angle)  at  the  T11-T12  junction,  with  a  right  lateral  movement  of  30 
degrees.  A  force  of4452  Newtons  and  a  moment  about  the  center  of  the  vertebral  bodies 
of  111.3  Joules  was  observed.  A  wedge  fracture  of  T12,  disruption  of  the  anterior  longi¬ 
tudinal  ligament  and  the  posterior  ligament  complex  at  T11-T12,  exposing  the  spinal 
cord  was  seen. 

Comment  -  The  failure  of  the  thoraco-lumbar  isolated  column  is  similar  to  that  of 
S-17,  run  1,  (Table  5).  Both  these  specimens  were  loaded  in  a  similar  manner,  the  only 
difference  being  the  line  of  force  was  forward  of  the  center  of  the  vertebral  bodies. 

This  distance  is  3  times  smaller  for  S-18.  The  force  obtained  with  this  specimen  is 
approximately  6  times  greater  than  that  observed  for  S-17,  run  1  (Table  5).  This 
section  was  also  somewhat  shorter. 

G.  IN  VITRO  HUMAN  SHEAR  STUDIES  ON  ISOLATED  CERVICAL  SPINAL  COLUMNS  AND  THORACIC 
SPINAL  COLUMNS 

Case  S-ll  (Isolated  Cervical  Column,  Table  6) 

In  this  study,  the  viable  tissues  that  remained  from  the  isolated  cervical  studies 
(S-ll,  Table  3)  were  remounted  and  used  for  studying  the  characteristics  of  the  column 
when  subjected  to  transverse  forces.  In  the  first  run,  the  column  was  mounted  at  C7,  Tl, 

T2  with  methylmethacrylate,  with  the  force  applied  at  the  posterior  region  of  C2-C3. 

Forces  of  845  Newtons  at  a  rate  of  122  cm/s  produced  a  compression  fracture  of  the  body 
of  C6 ,  fracture  of  the  spincus  process  of  CS  and  avulsion  of  the  posterior  ligamentus 
complex  at  C6-C7,  exposing  the  spinal  cord  ana  disc.  In  the  second  run,  the  column  was 
remounted  at  C4,  C5,  C6  with  only  the  inferior  half  of  C4  and  C5-C6  mounted  in  methyl¬ 
methacrylate.  The  forces  were  applied  at  the  posterior  aspect  of  C3,  producing  a  dis¬ 
ruption  of  the  posterior  elements  at  C3-C4  and  fracture  of  the  spinous  process  of  C4  at 
1200  Newtons  and  a  122  cm/s  rate.  In  the  third  run,  the  forces  were  applied  on  the 
odontoid  with  C3,  C4,  05,  C6  mounted  in  methylmethacrylate.  The  odontoid  was  fractured 
at  the  base  of  its  neck,  partially  into  the  anterior  arch  of  C2  at  890  Newtons  at  a  rate 
of  137  cm/s.  In  run  4,  the  left  anterior  and  right  posterior  arches  of  the  axis  were 
fractured  witl  forces  applied  to  the  posterior  region  of  C2  at  1068  Newtons  at  142  cm/s 
with  the  inferior  half  of  C3,  and  C4-C5  and  C6  mounted  in  methylmethacrylate. 

Comment  -  In  runs  1  and  2,  a  pure  flexion  injury  is  simulated,  with  the  majority  of 
the  forces  Imparted  to  the  posterior  ligaments.  In  test  2  the  spinous  process  fracture 
was  probably  due  to  the  direct  loadinq  upon  it.  These  runs  indicate  that  the  strength  of 
the  posterior  ligament  complex  for  this  specimen  is  in  the  range  of  845  to  1200  Newtons. 

The  third  run  suggests  that  the  strength  of  the  odontoid  is  approximately  900  Newtons  at 
the  base  of  its  neck.  The  force  values  for  these  tests  are  probably  lower  than  in  a 
fresh  preparation  since  this  preparation  had  undergone  previous  testing. 

Case  3-12  (Isolated  Cervical  Column  and  Thoraco- Lumbar  Column,  Table  6) 

In  this  study,  the  remaining  intact  tissues  from  the  isolated  cervical  and  thoraco¬ 
lumbar  studies  (HS-12,  Tables  3  and  5)  were  remounted  and  forces  transverse  to  the  column 
were  applied.  In  run  1,  the  column  was  mounted  at  C5,  C6,  C7  and  forces  were  applied  to 
the  anterior  aspect  of  C2.  The  endplate  was  sheared  off  at  C2-C3  with  the  anterior  and 
posterior  longitudinal  ligaments  disrupted  at  2179  Newtons  at  a  rate  of  122  cm/s.  In 
run  2  the  other  specimen  was  anchored  at  T6  and  T9  with  methylmethacrylate,  with  the 
forces  applied  to  the  anterior  aspect  of  T9,  with  no  injury  to  the  column  at  3167.9 
Newtons  at  a  rate  application  of  122  cm/s.  This  test  was  repeated  in  run  3  with  minor 
stretching  of  the  anterior  ligaments  at  the  T7-T8  interspace,  with  1970.5  Newton*,  and  a 
rate  of  122  cm/s. 
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Comment  -  The  force  to  produce  an  endplate  failure  at  C2-C3  in  this  specimen  was 
similar  to  that  required  to  cause  a  similar  failure  during  axial  tension  in  S-l ,  run  1 
(Table  1)  . 

DISCUSSION 

The  neurophysiological  findings  indicate  that  the  somatosensory  evoked  potential  is  a 
sensitive  indicator  of  neuronal  function  and  that  distraction  is  an  important  mechanism 
in  spinal  cord  injury.  Because  of  this  sensitivity,  the  evoked  potential  has  been  applied 
to  the  evaluation  of  neural  changes  in  impact  acceleration  in  the  experimental  animal 
(31,37,38).  These  results  can  be  correlated  with  subinjury  tests  in  human  volunteers 
(8,26)  for  evaluation  of  human  injury. 

Although  the  model  presented  requires  refinement,  it  provides  insight  into  the  effects 
of  variation  of  '  nlmet  and  neck  parameters.  Furthermore  by  comparison  of  model  results 
with  injury  films  and  experimental  results  more  comprehensive  and  accurate  models  can  be 
developed.  Although  this  model  is  limited  to  axial  loading,  similar  methods  can  be  used 
to  model  flexion  and  extension. 

The  majority  of  the  results  of  the  cadaver  experiments  agree  with  other  literature 
(11,13).  While  the  multiple  runsmay  not  represent  maximum  tissue  strength  they  do  however 
simulate  multiple  impacts  routinely  experienced.  Short  isolated  segments  of  the  spinal 
column  require  high  loads  and  produce  vertebral  body  failures  (30).  Greater  tissue 
strength  is  observed  with  higher  loading  rates.  With  longer  segments  of  the  spinal  column, 
or  with  intact  specimens,  bending  is  observed,  lower  forces  are  required  for  failure,  and 
ligamentous  damage  results  (2,36).  The  relative  strengths  of  the  vertebral  bodies,  liga¬ 
ments,  and  discs  are  comparable  to  those  reported  by  others  ( 1 5-17 , 18a , 22a , 24 , 29 , 40 , 42 )  . 

In  extreme  cases,  the  damage  is  similar  to  that  observed  in  autopsy  studies  (4,6,10, 
23).  Upper  cervical  ligamentous  damage  and  ring  fractures  around  the  foramen  magnum  are 
routinely  observed  (6,10,23).  Less  severe  damage  is  comparable  to  that  seen  clinically. 

Some  of  the  relatively  mild  damage  observed  in  the  cadavers  is  probably  similar  to  mild 
injuries  which  are  not  detected  clinically,  yet  are  painful. 

The  energies  for  failure  observed  in  this  study  are  surprisingly  low,  but  are  in  the 
range  reported  by  others  (15,28).  Furthermore,  the  energies  were  integrated  only  to  the 
point  cf  failure,  rather  than  for  the  entire  run.  The  thoracolumbar  studies  suqgest 
failure  is  probably  related  to  the  bending  movement  in  contrast  to  other  studies  with 
short  segments  (15,22a).  Furthermore  Ewing  has  demonstrated  failure  sensitivity  with 
column  angulation  (9,18). 

SUMMARY  OF  RESULTS 

1)  Fresh  isolated  monkey  cervical  spines  failed  quasi- statically  in  tension  between 
325-534  N  (32)  compared  to  1446-1940  N  in  the  fresh  isolated  human  cadaver  cervical 
spines.  The  dynamic  loads  were  1289  to  1423  N  in  the  monkey  (32)  compared  to  1668-2500 
N  in  the  cadaver. 

2)  Intact  monkey  necks  failed  dynamically  between  1690-2669  N  (32)  compared  to  2450- 
3900  in  the  cadavers. 

31  Circular  skull  fractures  were  observed  in  tension  in  the  cadavers  at  1780  N  quasi- 
statically  and  3780  N  dynamically. 

4)  Fresh  monkey  spinal  cords  failed  in  tension  at  36  N  quasi-statically  and  90  N 
dynamically  (32)  compared  to  167  N  quasi-statically  and  278-389  N  dynamically  for  fresh 
human  spinal  cords. 

5)  One  fresh  isolated  cadaver  cervical  spine  failed  at  approximately  645  N  in  quasi-static 
compression.  In  dynamic  flexion/axial  compression  studies  the  isolated  cadaver  cervical 
spines  failed  at  1779-4448  N. 

6)  Intact  cadaver  whole  torsos  fai.ed  dynamically  in  compression  at  1512-2936  N. 

7)  Fresh  isolated  cadaver  thoracolumbar  spinal  columns  failed  in  compression  at  1134— 

1735  N.  Short  segments  failed  at  2900-4900  N. 

8)  Shear  studies  show  cervical  posterior  ligament  failures  from  845-1200  N  with  pos¬ 
terior  to  anterior  force  and  odontoid  failure  wrthin  this  range  with  posterior  to 
anterior  or  anterior  to  posterior  forces  in  the  isolated  column.  A  failure  load  of 

2175  N  was  observed  with  anterior-posterior  force  application.  Loads  up  to  3 1 1> 8  N  did  not 
shear  isolated  thoracic  segments. 
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DISCUSSION 


During  the  tests  in  which  the  thoraco-lumbar  vertebral  columns  were  loaded  in  compression,  were  any  hyperex¬ 
tension  vertebral  fractures  noted  when  the  column  failed? 

AUTHOR'S  REPLY 

No ,  all  failures  were  in  flexion . 

UNIDENTIFIED  QUESTIONER 

You  described  two  sets  of  experiments ,  one  set  in  which  you  preflexed  the  spine  and  the  first  set  in  which 
you  just  provided  axial  compression  of  that  section  of  the  vertebral  column  .  Did  you  notice  any  hyperextension  type 
injuries  in  that  first  set? 

AUTHOR'S  REPLY 

Yes,  with  the  isolated  columns,  we  noted  cervical  hyperextension  injuries.  I  showed  a  slide  with  hyperex- 
tended  avulsion  fracture.  We  also  had  a  chip  fracture  with  an  inplate  separation  at  C4-C5  and  a  teardrop 
fracture  at  C4. 
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NEUROPHYSIOLOGICAL  EFFECTS  OF  -X  IMPACT  ACCELERATION 
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SUMMARY 

In  19  experiments,  eight  unanesthetized  Rhesus  monkeys,  with  torsos  restrained  in  a 
seated  position,  and  with  head  and  neck  free  to  move,  were  subjected  to  peak  sled 
accelerations  in  the  direction  ranging  from  42  m/s2  to  963  m/s2.  Recordings  of 
cortical  somatosenso: \  evoked  potentials  were  made  using  recording  electrodes 
chronically  implanted  over  the  somatosensory  cortex.  Electrical  pulse  stimuli  were 
delivered  at  a  rate  of  5  Hz  through  spinal  electrodes  located  at  LI  -  L2.  Evoked 
potentials  were  recorded  prior  to  impact,  through  the  impact  event,  and  subsequent  to 
impact,  then  subjected  to  quantitative  analysis  procedures  which  included  normalized 
cross-correlation  and  exponential  regression. 

The  results  of  this  analysis  suggest  a  neurophysiological  effect  which  holds 
promise  as  an  indicator  of  a  pre-iniurious  central  nervous  system  condition.  This 
effect  is  an  immediate  increase  of  21  to  5%  in  the  latency  of  the  primary  surface 
positive  peak  of  the  cortical  evoked  potential  .  There  appears  to  be  a  threshold  for 
these  increases  in  latency  at  peak  sled  accelerations  in  the  region  of  600  m/s2.  This 
is  consistent  with  previous  findings  and  provides  the  basis  for  applying  these 
techniques  to  human  volunteer  experiments. 

INTRODUCTION 

Impact  iniury  involving  the  head  and  neck  disrupts  the  normal  functioning  of  the 
central  nervous  system  (CNS)  to  an  extent  dependent  upon  the  severity  and  nature  of  the 
trauma.  The  often  temporary  CNS  dysfunction,  which  results  from  head  and  neck  trauma 
(identified  clinically  as  "concussion"),  is  of  special  interest  in  the  develcpment  of  a 
useful  injury  model.  The  pioneering  vrork  of  Denny-Brown  and  Russell  (5)  was  the  first 
thorough  attempt  to  identify  the  physiological  concomitants  of  direct  head  iniury  and 
led  to  numerous  subsequent  investigations  (  e  ,g  . ,  7,  11,  12,  23).  These  studies  shared 
the  following  features:  (a)  the  impact  blow  was  delivered  directly  to  the  head  which  was 
free  to  move,  ( b)  anesthetized  animals  (monkey,  dog,  cat)  were  subjects,  (c)  basic  vital 
functions  and  EEG  were  monitored.  Generally,  the  results  followed  a  typical  pattern, 
similar  to  the  one  described  by  Denny-Brown  and  Russell  (5)  and  Williams  and  Denny-Brown 
(25).  Severe,  but  non-fatal,  blows  resulted  in  a  loss  of  corneal  reflex,  rise  in  blood 
pressure,  fall  in  heart  rate,  drop  in  EEG  amplitude  and  frequency,  sometimes  followed  by 
development  of  slow  waves.  These  effects  could  occur  in  the  absence  of  any  apparent 
brain  pathology  and  have  been  well  reviewed  (6,  16,  22). 

In  the  decade  following  these  reports,  two  important  extensions  to  these  basic 
findings  were  made.  Foltz  and  Schmidt  (8),  using  unanesthetized  monkeys,  stimulated  the 
sciatic  nerve  and  recorded  evoked  potentials  (EF's)  frcm  the  reticular  formation  (rf) 
and  the  medial  lemniscus.  In  six  out  of  eight  monkeys  receiving  severe  direct  head 
impacts,  the  lemniscal  response  persisted  while  the  RF  response  was  abolished.  This 
first  use  of  the  EP  in  a  head  injury  study  indicated  that  the  non-specific  brainstem 
gray  matter  was  functionally  more  sensitive  to  impact  than  the  sensory  specific 
ascending  pathway.  Subsequently,  Friede  (9)  demonstrated  that  in  the  cat,  both  cervical 
stretch  and  a  blow  to  the  head  produced  the  same  loss  of  reflexes  as  well  as  the  same 
neuropathology  at  the  Cl  level  of  the  spinal  cord.  This,  again,  suggested  that  the 
lower  brainstem  might  be  the  vulnerable  site  in  CNS  impact  dysfunction. 

More  recently,  Ommaya  and  his  co-workers  (10,  14,  15)  subjected  both  the 
unanesthetized  monkey  and  chimpanzee  to  non-impact  head  acceleration  while  stimulating 
the  median  nerve  and  recording  the  aomatosensory  EP 1  s  at  the  cortex.  The  EP  amplitude 
was  more  sensitive  to  head  acceleration  than  the  EEG.  This  occur ed  in  animals  that  were 
rendered  unconscious  (loss  of  muscle  tone,  insensitivity  to  painful  stimuli)  as  well  as 
in  same  that  remained  conscious.  The  duration  and  intensity  of  the  EP  effect  appeared 
to  parallel  the  duration  of  the  unconsciousness,  but  no  relationship  to  the  intensity  of 
acceleration  was  reported. 

These  earlier  results  provided  the  background  for  the  effort  begun  in  late  1974 
when  the  Naval  Biodynamics  Laboratory  (then  the  Naval  Aerospace  Medical  Research 
Laboratory,  Detachment  •  1 )  undertook  the  first  of  many  experiments  designed  to  test  the 
neurophysiological  effects  of  indirect  or  inertial  head  acceleration  using  Rhesus 
monkeys  as  subjects.  In  these  experiments  the  restrained  torso  is  accelerated  while 
seated  on  a  sled,  with  the  freely  moving  head  and  neck  receiving  the  "indirect" 
acceleration  through  the  skeletal  and  soft  tissue  anatomy.  Results  from  the  early 
experiments  (2,  24)  indicated  that  the  cortical  sostatosensory  EP  showed  a  decrement  in 
amplitude  and  an  increase  in  latency  following  non- lethal  impact.  These  changes 
appeared  to  be  greater  with  increased  peak  acceleration.  More  recent  experiments  (4), 
utilizing  EP's  recorded  from  the  cervio-medul lary  junction,  suggest  the  possibility  of  a 
threshold  for  neurophysiological  dysfunction  in  Rhesus  in  the  range  of  70U  -  800  m/s2  -X 
peak  sled  acceleration.  These  results  confirm  the  utility  of  neurophysiological 
measures  in  assessing  the  effects  of  inertial  forces  on  the  functioning  of  the  brain. 
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Ultimately,  neurophysiological  criteria  for  functional  injury  to  the  CNS  are  desired. 
The  main  purpose  of  the  results  reported  here  is  to  further  identify  thjse  measures  of 
CNS  cortical  function  which  can  be  the  basis  for  establishing  such  criteria. 


EXPERIMENTAL  PROCEDURE 

The  adult  Rhesus  (Macacca  Mulatta,  ca .  10  Kg)  was  selected  as  the  animal  model  and 
the  somatosensory  system  as  the  pathway  for  testing  CNS  function.  All  the  experiments 
were  designed  to  use  unanesthetized  animals,  restrained  in  a  sitting,  upright  position, 
with  head  and  neck  freely  moveable.  The  restraint  system  consisted  of  a  nylon  suit 
which  covered  the  entire  body  except  for  the  head  and  neck.  Straps  sewn  to  the  suit 
firmly  restrained  the  subject  to  a  fiberglass  chair  which  was  molded  to  the  shape  of  the 
subject's  back.  The  subject  was  seated  on  a  410  kg  sled  which  was  accelerated  by  a  HYGE 
system  with  a  one  meter  stroke.  Peak  sled  accelerations  ranged  from  42  to  963  m/s2. 

The  subject  was  oriented  so  that  he  was  accelerated  in  the  -X  (17,  18)  direction.  The 
sled  was  decelerated  by  friction  (2  to  3  m/s2)  over  a  distance  of  up  to  213  meters. 
Precise  inertial  data  were  obtained  from  an  array  of  transducers  rigidly  mounted  to  the 
monkey's  skull.  Physiological  data  included  EKG,  respiration,  and  cervical  and  cortical 
EP  activity;  the  exact  configuration  occasionally  varied.  Average  heart  rate  was 
computed  by  hand  from  EKG  strip  chart  records. 

The  eight  monkeys  used  as  subjects  for  these  19  experiments  were  prepared 
surgically  with  chronic  in-dwelling  electrodes  using  procedures  previously  described 
(20,  21).  Briefly,  strip  disc  electrodes  were  implanted  epidurally  over  the  dorsal 
spinal  cord  at  LI  -  L2  and  over  the  cervico-medul  lary  iunction.  Bilaterally,  subdural 
electrodes  were  implanted  over  the  primary  somatosensory  cortex.  Three  months  were 
allowed  for  recovery  from  implantation  surgery. 

Constant  current  .2  ms  inonophasic  pulses  at  a  nominal  rate  of  5  Hz  were  delivered 
to  one  pair  of  lumbar  electrodes.  The  stimulus  intensity  ranged  from  0.3  to  4.0  ma 
among  animals  and  was  selected  for  each  animal  as  the  highest  intensity  consistent  with 
the  apparent  comfort  of  the  subject.  Large,  but  sub-maximal  SP's  were  recorded  from  the 
electrodes  through  a  telemetering  system  with  an  upper  bandlimit  of  1500  Hz  and  a 
variable  lower  bandlimit.  Table  1  details  the  parameters  used  for  each  experiment. 


TABLE  1 _ Summary  of  Experimental  Parameters 

-X  Sled  Stimulus  Cortical 

Peak  Acc .  Intensity  Recording 

Experiment  Date  ~Tm/s2T  Subject  (ma Y  Site 


LX3008 

19578 

2  08 

LX3009 

19578 

796 

LX3010 

19578 

963 

LX3027 

28478 

102 

LX3028 

28478 

407 

LX3185 

07179 

100 

LX3186 

07179 

810 

LX3695 

24780 

98 

LX3697 

24880 

441 

LX3698 

24880 

435 

LX3699 

25380 

42 

LX3701 

25480 

436 

LX3702 

25480 

4  34 

LX3703 

25580 

99 

LX3705 

25680 

6  30 

LX3706 

25680 

624 

LX3713 

26680 

98 

LX3714 

26680 

598 

LX3715 

26680 

598 

AR0761 

.  75 

left 

AR0761 

.75 

left 

AR0761 

.75 

left 

AR4114 

.3 

left 

AR4114 

.3 

left 

AR8857 

1.25 

right 

AR8857 

1.25 

right 

ARNA28 

1.5 

right 

ARNA28 

1.5 

right 

ARNA28 

1.5 

r  ight 

AR8872 

4.0 

right 

AR88  72 

3.0 

r  ight 

AR8872 

3.0 

right 

AR880 2 

2.0 

r  ight 

AR8802 

2.0 

right 

AR8802 

2.0 

r  ight 

ARNA02 

2.0 

left 

ARNA02 

2.0 

left 

ARNA02 

2.0 

left 

Amplifier 

Lower  Bandlimit 
Gain  (X1000)  _ _ [HzT _ “ 


Cerv. 

Cor  t . 

Cerv. 

Cor 

80 

20 

30 

1 

80 

20 

30 

1 

80 

20 

30 

1 

120 

60 

50 

10 

120 

30 

50 

10 

40 

20 

50 

10 

40 

20 

50 

10 

80 

2.5 

30 

10 

E0 

2.5 

30 

10 

80 

2.5 

30 

10 

40 

10 

30 

10 

40 

10 

30 

10 

40 

10 

30 

10 

40 

8 

30 

10 

40 

8 

30 

10 

40 

8 

30 

10 

160 

16 

30 

10 

160 

16 

30 

10 

<60 

16 

30 

10 

EP  data  aguisition  was  initiated  30  to  45  minutes  prior  to  impact,  was  continued 
through  the  delivery  of  impact,  and  was  terminated  45  to  90  minutes  after  impact.  There 
vai  a  five  to  ten  minute  gap  in  data  aquisition  ending  ten  minutes  prior  to  impact.  The 
data  were  amplfied  on  the  sled,  telemetered  to  nearby  equipment  and  recorded  on  FM  tape. 

The  data  were  digitized  off-line  on  a  hybrid  EAI  PACER  600  computer  at  a  sampling  rate 
of  at  least  20  kHz.  A  software-hardware  design  was  used  which  synchronized  digitization 

R 

with  the  stimuli.  The  digitized  data  were  then  processed  on  a  UNIVAC  1100  series 
computer  . 

DATA  ANALYSIS  fc  RESULTS 

Quantitative  analysis  previously  performed  on  cervical  EP's  only  (4),  was  extended 
to  include  cortical  EP's  and  was  used  to  determine  the  extent  to  which  the  impact 
produced  shifts  in  latency  and  amplitude  of  the  early  positive  peak  of  the  cortical 
AEP's.  Details  of  the  quantitative  analysis  procedure  are  described  elsewhere  (3,  4). 
Briefly,  a  baseline  AEP  was  computed  for  the  two  minutes  preceding  impact.  Each 
baseline  AEP  was  an  average  of  approximately  580  individual  EP's.  To  assess  the  effects 
of  impact,  teat  AEP's  (each  an  average  of  10  individual  EP's)  were  computed  for  the  two 
minutes  preceding  impact  and  the  five  minutes  following  impact. 

A  section  of  the  baseline  AEP  containing  the  cortical  primary  surface  positive  peak 
was  then  selected.  The  latency  limits  of  this  section  defined  the  time  interval  within 
which  each  test  AEP  was  searched  for  a  maximum.  The  amplitude  of  this  maximum  defined 
the  peak  amplitude  for  each  test  AEP.  The  median  latency  of  the  maxima  from  all  the 


pre- impact  test  AEP's  was  used  as  a  reference  for  measuring  the  post- impact  shift  in 
latency . 

To  determine  the  shifts  in  latency  produced  by  the  impact  event,  a  normalized 
cross-correlation  procedure  was  used  (3).  This  procedure  has  a  number  of  advantages 
over  the  simple  peak  detection  approach  and  can  reliably  detect  very  small  shifts  in 
latency  (3).  Briefly,  a  selected  portion  of  the  baseline  AEP  containing  the  primary 
positive  peak  is  cross-correlated  with  a  selected  portion  of  each  test  AEP.  The  lag  at 
the  maximum  of  the  cross  correlation  function  is  a  measure  of  the  shift  in  the  latency 
of  the  primary  peak  of  the  test  AEP. 

As  a  result  of  these  computations,  an  amplitude  and  a  latency  shift  measure  was 
obtained  for  the  primary  positive  peak  of  each  test  AEP.  These  measures  were  plotted  as 
a  function  of  time,  relative  to  impact,  for  the  seven  minute  period  starting  two  minutes 
prior  to  impact.  Figure  1  illustrates  such  a  plot  for  the  latency  shift  measure  for 
both  the  cortical  and  cervical  AEP  recorded  during  one  experiment.  Actual  AEP's  for 
this  same  experiment  appear  in  Figure  2  (a  complete  set  of  AEP’s  from  these  experiments 
has  been  published  previously  (4)). 


AEP  LATENCY  SHIFT 


RUN  LX3706,  624  M/S  N:10 


1.00  mS 


•0.0  S 


CORTICAL  PEAK,  11.2  mS 


fr'HTUJ  yijlinn 

< - 1 - 1 - 1 - 1 - 1 - 1 - 1 — 


IMPACT 


Figure  1.  Illustration  of  the  shift  in  latency  of  an  evokeJ  potential  peak  produced  by 
an  impact  acceleration  pulse  of  624  m/s*  in  the  -X  direction.  The  upper  graph  plots  the 
effect  for  the  positive  primary  peak  of  the  cortical  evoked  potential  (median  pre-impact 
latency  of  11.2  ms).  The  lower  graph  plots  the  effect  for  a  peak  of  the  evoked 
potential  recorded  from  the  cervico-medul  lary  junction  (latency  of  4.17  ms).  The 
horizontal  axis  measures  time  marked  in  30  second  increments,  with  a  large  vertical  mark 
at  the  time  of  impact.  Exponential  regression  curves  are  also  superimposed.  See  text 
for  details. 


As  can  be  seen  in  Figure  1,  impact  results  in  a  sudden  shift  in  latency  which 
decreases  in  time.  A  similar  effect  though  not  shown  here  is  found  with  the  amplitude 
measure.  In  order  to  quantify  the  time  course  of  these  changes,  an  exponential  decay 
function  was  fitted  to  the  time  dependent  amplitude  and  latency  shift  measurements.  The 
fit  for  the  cortical  AEP  results  took  the  form  of  a  single  exponential  plus  a  constant 
effect . 


Based  on  this  approximation,  the  initial  strenqth  of  the  effect  of  impact  was  estimated 
from  A  ♦  B  and  the  duration  of  the  effect  vat  defined  as  the  negative  time  constant  T. 


14-4 


The  final  step  in  the  reduction  of  these  data  was  to  examine  scatter  plots  of  the 
A  +  B  and  T  measures  as  a  function  of  peak  sled  acceleration.  The  time  constant  (T) 
results  obtained  from  analysis  of  the  cortical  data  showed  no  consistent  pattern  and 
appeared  to  be  unrelated  in  any  obvious  way  to  peak  sled  acceleration.  This  contrasts 
with  the  initial  amplitude  (A  +  B)  measure.  Figure  3  illustrates  the  A  +  B  result  for 
the  cortical  AEP '  s .  The  data  for  the  amplitude  of  the  primary  positive  peak  show  a 
decrement  at  all  test  levels  of  impact  that  is  highly  linearily  correlated  (corr. 
coef.  =  -  .8)  with  peak  sled  acceleration.  This  is  similar  to  the  results  of  Weiss  and 
Berger  (24)  who  found  that  another  correlation  measure  derived  from  cortical  EP's  also 
decreased  with  increasing  peak  sled  acceleration.  There  is  a  lack  of  an  apparent 
threshold  effect  when  measurng  the  change  in  amplitude.  This  contrasts  with  the  results 
obtained  from  the  latency  measurements.  Examination  of  Figure  3  suggests  that  at  oeak 
sled  accelerations  greater  than  600  m/s1,  a  s' bstantial  increase  in  latency  of  the 
primary  positive  peak  is  likely  to  occur.  A  linear  regression  fitted  tc  that  portion  of 
the  data  intercepts  the  zero  axis  at  512  m/s1.  Figure  4  illustrates  previously 
published  results  (4)  showing  latency  shift  results  for  cervical  AEP's  from  a  series  of 
experiments  Which  include  those  reported  here.  A  similar  suggestion  of  a  threshold 
effect  can  be  seen  in  the  neighborhood  of  600  m/s1. 
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Figure  2: 
Illustration  of 
averaged  evoked 
potentials  for 
the  same  experi¬ 
ment  illustrated 
in  Fig  .  1 . 

Averages  consist 
of  50  individual 
evoked  potentials 
and  time  relative 
to  impact  is  in¬ 
dicated  The  ver¬ 
tical  marker  iden¬ 
tifies  the  4 . 17 
ms  cervical  peak 
and  the  11.2  ms 
cortical  peak. 

Note  the  in¬ 
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and  the  sub¬ 
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CORTICAL  POSITIVE  PRIMARY  RESPONSE 

AMPLITUDE  LATENCY 


Figure  3:  Scatter  plots  of  the  amplitude  and  latency  of  the  primary  positive  peak  of 
the  cortical  evoked  potential  as  a  function  of  peak  sled  acceleration.  Change  in 
amplitude  and  latency  is  measured  as  a  percentage  of  the  pre-impact  median  value 
obtained  from  the  pre- impact  test  AEP's.  See  text  for  discussion. 


CERVICAL  AEP'S: 


PERCENTAGE  LATENCY  SHIFT 


figure  4  -  Scatter 
plot  of  shift  in 
latency  of  the 
peaks  of  the  AEP's 
obtained  from 
electrodes  im¬ 
planted  over  the 
cervico-medullary 
■'unction.  Details 
in  (4). 
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DISCOSSIOH 

Decreases  in  the  amplitude  of  cortical  EP ' s  have  been  previously  reported  as  a 
result  of  direct  impact.  (10,  14,  15)  and  indirect  impact  (2,  24).  At  low  peak  sled 
acceleration  levels  (less  than  250  m/s3),  the  present  data  show  increases  in  the 
positive  primary  peak  to  be  eqt  ’y  likely  as  decreases.  This  probably  reflects  the 
influence  of  arousal  or  startle  ypes  of  behavior  which  is  well  documented  in  other 
sensory  modalities  (e.g.,  1,  13).  The  decrement  at  higher  levels  of  acceleration 
remains  a  linearly  graded  one  without  a  sharp  threshold  at  levels  in  excess  of  700  m/s3 
where  injury  might  be  anticipated  (19),  70%  to  100%  decrements  in  amplitude  occur.  'Hie 
amplitude  of  the  primary  cortical  EP  does  not  appear  to  bo,  therefore,  a  useful 
criterion  for  indicating  a  pre-injury  condition. 

The  latency  of  the  primary  cortical  EP  presents  a  different  picture.  The  results 
illustrated  in  Figure  3  strongly  suggest  a  sharp  threshold  in  the  region  of  600  -  700 
m/s3.  This  closely  parallels  previous  results  obtained  using  EP ' s  recorded  from  the 
cervico-medul lary  junction  (also  illustrated  in  Figure  4).  This  is  encouraging  in  light 
of  the  neuropathological  findings  from  these  and  other  NBDL  Rhesus  experiments  (19). 

The  pathology  findings  indicate  no  evidence  of  in  jury  below  727  m/s3  and  a  high 
probability  of  injury  above  825  m/s3.  In  the  present  experiments,  despite  the  absence 
of  injury,  the  latency  of  the  primary  cortical  EP  shows  a  marked  increase  (greater  than 
5%)  at  peak  sled  acceleration  levels  above  625  m/s3.  Thus  the  increased  latency 
occurring  between  peak  sled  accelerations  of  625  m/s3  and  725  m/s3  may  have  value  as  an 
index  of  pre-pathological  injury.  Application  and  extension  of  these  techniques  to  the 
human  research  program  at  the  Naval  Biodynamics  Laboratory  are  currently  in  proqress. 
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ABSTRACT 

Advances  in  the  development  of  ejection  seats  address  the  need  to  expand  the  operational  requirements 
to  include  safe  escape  from  aircraft  at  low  altitudes  and  high  speed.  To  meet  these  needs,  performance 
specifications  will  have  to  be  reformulated  to  provide  safe  egress  from  adverse  attitude  aircraft  at 
airspeeds  of  0  through  600  knots  and  altitudes  as  low  as  50  feet  above  ground.  Occupant  response  to 
Increasingly  severe  acceleration  profiles  must  be  addressed  early  in  the  development  cycle  so  that  seat 
performance  criteria  can  be  effectively  defined  and  delimited  to  prevent  or  minimize  the  possibility  of 
inertial  injury.  Physiological  tolerance  assessment  has  been  severely  limited  by  Inadequate  and  incomplete 
test  data  to  quantify  seat  performance  (in  terms  of  accelerations).  Consequently  occupant  response  to 
acceleration  has  traditionally  been  estimated  from  analysis  of  anthropomorphic  dummy  results.  Dummy 
response,  however,  is  highly  variable  and  difficult  to  correlate  to  existing  human  or  cadaver  tolerance 
data.  Only  with  au  accurate  definition  of  the  complete  seat-time  history  (three  dimensional)  and  its 
variation  to  changes  in  environmental  factors  (airspeed,  attitude,  occupant  restraint,  etc.  )  can  an 
effective  tolerance  assessment  he  made.  Such  minimum  instrumentation  requirements  must  be  met  in  all 
ejection  or  crash  testing  if  three  dimensional  seat-time  histories  are  to  be  evaluated.  This  paper 
addresses  instrumentation  standardization  for  ejection  and  crash  testing  and  demonstrates  the  effectl  'eness 
of  the  proposed  methodology  in  assessing  a  series  of  fully  instrumented  ejections  ranging  from  0  to  600 
KEAS.  The  effects  on  seat  performance  attributable  to  canopy  jettisoning  or  penetration,  rocket  ignition, 
and  windblast  will  be  analyzed. 

INTRODUCTION 

The  behavior  of  the  human  body  when  subjected  to  high  acceleration  environments,  such  as  those 
encountered  during  ejection  from  high  speed  aircraft,  has  been  a  topic  of  intensive  interest  and 
investigation  dating  back  to  WW11.  The  development  of  the  balllstically  fired  ejection  seat  to  cope  with 
the  problems  of  aircrew  escape  at  high  speed  dramatically  Increased  the  safe  ejection  envelope  but  also 
Introduced  spinal  injuries  that  have  plagued  us,  unabated,  ever  since.  With  ever  increasing  airersft 
performance,  both  the  modality  and  frequency  of  these  injuries  is  changing  and  one  Is  rapidly  approaching 
flight  conditions  for  which  current  escape  systems  sre  not  designed.  This  increasing  hazard  has  been 
expanded  to  Include  windblast  Injuries  sa  well  as  those  associated  with  unstable  ejections  due  to  sdverse 
aircraft  attitude  and  ineffective  restraint  which  allows  excessive  seat-man  interaction. 

Evaluation  of  these  systens,  In  terms  of  performance  and  physiological  acceptability,  is  based  on 
track  tests  employing  Instrumented  dummies,  where  the  monitored  inertial  data  Is  then  used  to  evsluate 
tolersnce  and  system  performance.  To  be  effective,  the  data  base  generated  in  such  t?»ts  must  be 
correlated  to  experimental  human  test  data,  if  It  exists,  or  to  other  ejection  systems  for  which  some  human 
response  is  known  from  accident  statistics.  The  problem  with  accident  statistics  Is  that  the 
reconstruction  of  the  ejection  conditions  Is  usually  Incomplete  and  111  defined  and  that  the  data  base  is 
limited,  precluding  robust  statistical  analyses  to  be  made. 

Attempts  to  quantify  the  dynamic  response  of  the  human  body  and  the  associated  Injury  potential  of 
high  acceleration  environments  has  been  limited  due  to  the  experimental  protocols  that  can  be  Initiated. 
Human  volunteer  tests,  through  necessity,  impose  limitations  on  the  acceleration  levels  investigated. 
Furthermore,  seating  and  restraint  syatems  are  optimized  to  preclude  the  remotest  possibility  of  injury. 
Consequently,  the  best  one  can  hope  for  is  that  with  precise  control  over  acceleration  input,  occupant 
initial  position,  restraint  configuration,  and  employing  sophisticated  three-dimensional  instrumentation  to 
monitor  Inertial  response  of  clearly  defined  anatomical  segments,  a  consistent  and  quantifiable  human 
response  mechsnlsm  can  be  described.  Injury  potential  can  then  be  investigated  In  terms  of  the  Isolated 
characteristic  response. 

Another  avenue  of  Investigation  has  centered  sround  the  use  of  cadavers  and  live  nonhumsn  primates. 
Although  this  affords  the  possibility  of  approaching  the  acceleration  environment  of  interest,  the 
significant  differences  in  the  response  of  live  humans  and  cadavers  and  the  questionable  validity  of 
predicting  human  response  based  on  that  of  human  analogues,  has  not  resolved  the  problem. 

Since  experimental  approaches  are  limited,  mathematical  modeling  of  ejection  seat  performance  and 
human  blodynamlc  response  to  high  acceleration  continues  to  be  an  attractive  research  tool  and  has  been 
used  with  varying  degrees  of  success  in  analyzing  the  problems  associated  with  the  aircraft  escape 
environment  (1,2).  The  effect  of  overall  escape  system  performance  and  occupant  response  with  varying 
anthropometry,  restraint  configurations,  air  speed,  and  aircraft  attitude,  can  be  investigated  and 
sensitivity  analyses  performed  to  Isolate  problem  areas.  Human  and  human  analogue  experiments  play  an 
extremely  Important  role  aince  they  provide  the  only  physical  date  with  which  the  predicted  responses  <• 
the  analytical  models  can  be  compared  to  establish  validity. 

Central  to  any  tolerance  asseasment  or  validation  effort  s  the  quantity  and  calibre  of  the 
experimental  data  available.  Lack  of  standardization  has  made  relative  comparisons  between  results  from 
different  laboratories  or  test  programs  virtually  Impossible.  Information  regarding  instrumentation 
location,  orientation,  and  pre  or  post  processing  of  the  sensor  data  la  often  Incomplete  or  not  defined. 
Furthermore,  the  amount  of  lnatrumentation  employed  In  many  experimental  protocols  is  insufficient  to 
reconstruct  the  three-dimensional  time  history  of  occupant  response  to  a  given  acceleration  Input. 
Validation  efforts,  based  on  such  Incomplete  or  ill  defined  data,  can  lead  to  serious  biases,  and 
subsequent  computer  analyses  can  further  cloud  an  already  confusing  issue. 

EJECTION  INSTRUMENTATION  REQUIREMENTS 

In  simulating  ejectlona,  occupant  response  to  the  seat  acceleration  Is  affected  by  a  variety  of 
factors,  each  of  which  Influences  the  complexity  of  the  Instrumentation  required  and  the  scope  of  the 
analysis  to  be  conducted.  In  the  case  c!  ditching,  for  Instance,  the  acceleration-time  history  of  the  seat 
and  aircraft  (driving  function)  Is  unaffected  by  occupant  response  to  that  input.  Since  the  mass  of  the 
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aircraft  is  so  much  larger  than  that  of  the  crew  member,  the  occupant-seat  Interaction  is  not  of  large 
enough  magnitude  to  vary  the  underlying  seat  deceleration  profile.  This  is  also  the  case  during  the 
'  catapult  phase  of  an  ejection.  During  this  time  the  seat  accelerates  along  a  predetermined  vector  and  the 
acceleration  achieved  is  primarily  dependent  on  ejected  weight.  Generally,  the  seat  acceleration  during 
these  early  stages  is  two-dimensional  with  no  angular  components  present.  At  low  air  speed,  the  seat 
acceleration  determines  occupant  response  and,  given  repeatable  Inputs,  this  response  should  also  be 


consistent.  Typical  results  from  dummy  tower  teats  are 

Although  the  driving  functlcn  may  be 
twc -dimensional ,  dummy  response  need  not  be.  Dummy, 
restraint  harness  webbing,  and  cushioning  materials, 
defo.-ui  and  pitching  of  the  dummy  in  the  seat  is 
usual, -y  observed.  Consequently,  the  information 
presented  in  figure  1  Is  insufficient  to  fully  assess 
the  duttmy  response  to  the  well  defined  driving 
function'  It  should  be  noted  that  experimentally 
derived  htman  tolerance  to  +Cz  acceleration  is  defined 
in  terms  of  the  driving  function.  Therefore,  the 
commonly  accepted  human  injury  threshold  of  25G  (under 
.leal  seating  and  restraint)  relates  to  the  seat 
morltored  accelerations.  Interpretation  of  track 
results  to  determine  physiological  acceptability 
should  be  based  on  seat  data  and  not  on  the  levels 
monitored  on  tie  dummy,  whose  response  can  be  altered 
by  changing  sect  cushioning  properties,  restraint 
configurations,  a'.\d  initial  position  (3,4). 

In  cases  such  as  through  the  canopy  ejections , 
seat-acrylic  engagement  alters  the  seat  driving 
function  and  the  peat-time  history  tends  to  become 
more  erratic.  Add' tlonally ,  possible  secondary 
dummy-aircraft  interactions  (loading  of  the  head  by 
the  canopy  acrylic)  ;an  also  affect  the  driving 
function  (figure  2).  In  such  cases  there  is  a 
feed-back  mechanism  by  which  occupant  response  can 
affect  the  seat-time  history.  Now,  the  driving 
function  need  no  longer  b>  directly  correlated  to 
injury  since  a  secondary  occupant  loading  path  has 
been  Introduced.  Assessing  tolerance  levels  and 
injury  mechanisms  in  such  situations  is  extremely 
complex  and  can  no  longer  be  solely  based  on  monitored 
seat  data.  When  the  seat  is  off  the  rails,  we  have  a 
completely  closed  loop  system  until  rocket  burnout 
(figure  3).  Here,  occupant  motion  within  the  seating 
and  restraint  system  can  significantly  alter  the  seat 
trajectory  achieved,  which  in  turn  is  the  driving 
function  of  the  soat-man  system.  Center  of  Gravity 
(C.G)  shifts  away  from  the  rocket  thrust  line, 
excessive  slump  due  to  ill  fitting  or  loose  restraint, 
and  flailing  Induced  by  aerodynamic  forces,  all  tend 
to  Increase  seat-man  interaction  and  set  the  stage  for 
instability  in  the  ejection.  This  differentiation 
between  driving  function  and  response  is  clearly 
demonstrated  in  the  following  two  series  t,f  ejection 
tower  tests  recently  conducted  with  fully  1  istrumented 
dummies.  ", 

CATAPULT  PHASE  Monitored  dummy  chest  Gx  response  to 
^  six  simulated  ejections  is  shown  in  figure  4.  One 
'  would  have  to  agree  that  results  arc  extremely 
reproducible  and  demonstrate  that  given  commensurate 
Inputs  (seat  driving  function),  dummy  response  should 
be  consistent.  This  consistency  appears  to  be  further 
verified  when  considering  monitored  dummy  head 
response  shown  in  figure  5.  These  assumptions  are 
contradicted  when  one  considers  figure  6,  where 
monitored  dummy  chest  Gx  accelerations  clearly  fall 
into  two  distinct  groups.  If  the  dummy  restraint 
system  waa  changed  between  series  1  and  series  2,  then 
one  would  have  to  rerch  the  conclusion  that  scries  2 
provided  the  better  restraint,  minimixing  the  Gx 
accelerations.  Slight  pitching  of  the  dummy  within 
the  seat  need  not  be  clearly  dlscernable  in  monitored 
dummy  chest  Gx  accelerations.  Further  assumptions  can 
be  made  when  interpreting  figure  7.  Here,  dramatic 
differences  in  monitored  head  Gx  accelerations  are 
evident  throughout  the  entire  course  of  the  runs.  One 
could  propose  the  argument  that  since  dummy  pitching 
varied  between  series  1  and  2,  the  acceleration-time 
histories  of  the  neck  pivot  were  altered  and 
consequently  the  head  was  being  driven  differently, 
although  consistently,  in  the  two  series  under 
consideration.  The  looser  restraint  allowed  the  head 
to  build  up  greater  momentum,  resulting  in  a  more 


shown  in  figure  1. 


Figure  1.  Catapult  phase  of  ejection.  Note  that 
occupant  response  does  ot  affect  the 
seat  acceleration  (drlv  function). 


Figure  2.  Catapult  phase  with  canopy  penetration. 

Secondary  loading  of  the  dummy  a'  ’rs 
driving-response  relationship. 


Figure  3.  Rocket  phase  of  ejection.  Note  the 
closed  loop  system  where  occupant 
response  influences  seat  trajectory. 


Figure  4.  honltored  dummy  chest  “Gx"  response. 
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severe  head-chest  interaction  (approximately  0.14  sec.),  rebound,  and  secondary  impact  with  the  head  box 
(approximately  0.29  sec.).  Since  the  data  from  the  two  series  of  runs  was  internally  consistent  and  the 
seat  acceleration-time  history  well  known,  such  results  are  ideal  for  mathematical  modeling  validation. 
One  would  vary  restraint  properties  to  try  to  replicate  the  monitored  accelerations.  Given  enough  effort, 
this  curve  fitting  could  be  accomplished.  The  problem,  however,  is  that  the  results  obtained  would  be 
completely  wrong.  The  fact  of  the  matter  is  that  all  of  the  previous  data  came  from  the  same  tests,  the 
variability  of  which  is  demonstrated  in  figure  5. 
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Figure  5.  Monitored  dummy  head  "Gx"  response.  Figure  6.  Monitored  dummy  chest  "Gx"  response. 


The  six  acceleration  profiles,  grouped  into  series  1  and  2,  are  actually  data  traces  from  three  tests, 
employing  redundant  instrumentation  in  the  dummy's  chest  and  head.  The  major  differences  noted  are  due  to 
instrumentation  location.  Installation  of  the  sensors  is  shown  in  figure  8.  Data  from  the  respective  head 
and  clest  instrumentation  clusters  (two  each)  were  separately  plotted  as  series  1  and  series  2.  Chest 
accelerometers  ware  aligned  and  mounted  on  the  bottom  and  top  of  the  dummy  chest  cavity,  while  the  head 
accelerometers  were  mounted  on  a  bracket  attached  to  the  head.  From  the  previous  example  it  becomes  clear 
that  since  dummy  response  is  a  complex  function  of  cushioning  and  restraint  properties,  the  location  of  the 
instrumentation  mist  be  known  to  make  a  relative  comparison  between  tests  possible,  lndaed,  if  serias  1 
and  series  2  were  dct.i  from  two  different  test  programs,  then,  not  knowing  whera  the  data  was  monitored, 
one  would  ln.erpret  these  results  differently.  Ue  see  that  for  the  tests  considered,  the  variability  in 
results  due  to  instrumentation  locadon  is  mieh  greater  than  that  between  dlfferant  tests,  given  the  same 
instrumentation  location. 

These  between  location  differences  are  related  to  the  angular  motion  of  the  dummy  segments.  For  the 
case  of  the  dummy  chest  accelerations,  cluster  2  was  closer  to  the  pelvic  area  of  the  dummy  than  was 
cluster  1.  Since  the  dummy  pivoted  about  the  lap  belt,  tha  chast  excursion  at  cluster  2  was  smaller  than 
at  cluster  1  and  consequently  the  linear  acceleration  due  to  lha  angular  motion  was  smaller,  as  saen  in 
figure  7.  Likewise  for  the  head,  cluster  1  was  closer  to  the  neck  pivot  point  than  cluster  2,  resulting  in 
lower  acceleration  values  prior  to  the  head  contact  with  the  chest  (figure  6).  When  the  head  bottomed  out 
on  the  chest,  the  torque  on  the  head  lnstrumantation  bracket  forced  clustar  1  toward  the  pivot  point  (+Gz) 


and  clustar  2  away  (-Cz). 


Flgura  7.  Monltorad  dummy  head  *Gz*  rasponse.  Figure  8.  Fully  instrumented  tower  test. 


Before  comparing  data  from  various  tast  programs  or  dlfferant  laboratories,  all  the  instrumentation 
amployed  mist  be  related  on  a  wall  defined  coordinate  system  and  hope  that  both  linear  and  angular 
acceleration  components  were  monitorc*.  Having  both  linear  and  angular  information,  one  cen  translata  tha 
monltorad  accelerations  to  other  point,  relative  to  a  rigid  body  coordinate  system.  Once  translated  to  a 
common  point,  effectlva  comparisons  can  be  undertaken  end  characteristic  responses  tKeorlzad. 

SOCKET  PHASE  As  has  been  noted,  oner  three-dimensional  eccelerat ion-time  histories  ara  anticipated,  both 
linear  and  angular  rata  information  must  be  known  to  affectively  analyze  saat-man  interactlor  and  ejection 
performance.  Traditionally,  ejactlou  system  taste  have  not  amployed  full  seat  instrumentation  but  hava 
railed  an  monitored  dummy  deta  to  astlmata  east  performance.  Tha  problam  with  this  approach  is  two-fold. 
First,  human  tolerance  as tes ament  should  be  based  on  seat  date  up  to  saat-man  separation.  Secondly,  since 
east-dummy  Interaction  affects  seat  performance,  this  compliance  cannot  be  quantified  unlass  the  sect-time 
history  can  be  contrasted  to  that  of  tha  dummy.  So,  in  addition  to  the  problem  of  Instrumentation  location 
previously  discussed,  hera  we  of  tan  have  insufficient  deta  gathered  to  make  even  Imprecise  comparisons 
possible.  The  problems  essoclated  with  using  dummy  deta  as  astlmstes  of  seat  performance  can  be 
Illustrated  in  the  following  axample. 
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The  concept  feasibility  demonstration  of  the 
Maximum  Performance  Ejection  Seat  (MPES)  initiated  an 
ejection  from  a  cockpit  section  suspended  100  feet 
r' ove  ground  level  with  the  cockpit  oriented  to  a  175 
degree  roll  attitude,  with  0  degrees  being  specified 
as  straight  and  level.  Since  the  dummy's  joints  were 
significantly  tightened,  as  was  the  restraint  system, 
the  accelerations  monitored  on  the  seat  were  as  close 
to  those  on  the  dummy  as  can  be  expected  and  this 
example  can  be  considered  a  best  case  situation. 

As  is  usually  the  case  with  the  dummy,  in  this 
test  the  aeat  was  also  fully  Instrument  id  with  both 
redundant  linear  accelerometers  and  angular  rate 
sensors  (figure  9).  Consequently,  both  the  dummy  and 
seat  three-dimensional  acceleration  profile  was  known. 
As  can  be  seen  in  figure  10,  the  dummy  t  is  well 
restrained  in  pitch,  with  the  respective  seat  mounted 
and  dummy  mounted  angular  rate  sensors  in  close 
agreement.  Roll  and  yaw  rates,  however,  do  show 
discrepancies,  with  the  yaw  differences  being  mor.- 
pronounced  (figures  11,  12).  In  determining  the  '  .-at 
acceleration-time  history  at  the  seat-man  C.G. 
(figure  9),  the  monitored  seat  linear  accelerations 
were  translated  to  this  remote  location  using  first 
the  seat  and  then  dummy  angular  rate  Information.  The 
calculated  seat  Gx  acceleration ,  expressed  in  the 
inertial  reference  system,  is  shown  in  figure  13.  As 
anticipated,  the  estimate  of  seat  performance,  using 
the  seat  mounted  gyro  information,  differs 
considerably  from  that  where  the  dummy  gyro  was  used. 
Similar  results  are  evident  in  the  calculated  Gy  and 
Gz  accelerations  (figures  14,  15).  The  bias 
introduced  by  using  dummy  engular  rete  information  to 
estimate  seat  performance  is  unacceptably  high, 
etpeclelly  if  the  date  it  to  be  integrated  to  obtein 
estimates  of  seat  velocity  or  displecement.  To 
lllustrete  the  eccuracy  of  results  using  seet  dete, 
the  celculeted  seet  dlsplecement-tlme  history  was 
cumpaied  Lu  tiie  Euwcn  trejectory  data.  Results  are 
shown  in  figures  16  and  17.  Considering  that  the  seet 
sensor  dste  hed  to  he  doubly  lntegreted  over  two 
seconds,  the  results  sre  in  excellent  egreement. 

COMPARATIVE  A1.ALYS1S 

A  major  problem  in  interpreting  ejection  dete  is 
thet  both  dummy  and  seet  acceleretion-time  histories 
sre  effected  by  e  host  of  parameters  such  ea 
windblaat,  extremity  flail,  end  C.G.  ahlft,  which  ere 
difficult  to  eatimate  and  cen  dramatically  influence 
the  trajectories  achieved.  Even  at  low  airspeed,  seat 
angular  velocity  cen  effect  the  llneer  ecceleretlone 
monitored.  Thia  has  smde  coupe risons  between  testa 
end  different  aeet  types  extremely  difficult  in  thrt 
instrumentation  locetlons  for  the  verlous  seats  tend 
to  differ  due  to  herdwerc  geometry  and  eveileble 
Instrumentation  mounting  locetlons.  Although  the 
arrangement  shown  in  figure  9  la  sufficient  to  define 
the  seet-tlme  history,  one  still  has  to  decide  to  what 
location  this  information  should  be  standardized. 
Under  dynamic  yew,  pltcn,  and  roll  conditions,  the 
recorded  llneer  accelerations  at  point  "b"  will  differ 
from  that  at  point  "c".  Jonsequent ly,  when  compering 
two  aeets,  information  must  be  trensleted  to  a  common 
point  so  that  comparisons  can  be  undertaken.  The 
establishment  of  is  aeat  coordinate  system  is 
consequently  cruclel. 

Using  the  seat-man  C.G.  (ea  per  figure  9)  ea  the 
origin  of  such  a  coordlnete  system  produces  some 
Inconsistencies.  During  ejection,  the  dummy  will  move 
within  the  seet  ano  this  combined  C.G.  location  will 
consequently  vary  In  relation  to  seet  structure.  This 
will  also  be  the  case  when  varying  dummy  weights  are 
used.  Use  of  e  seet-man  C.C.  coordinate  system  will 
In  effect  cllow  aeverel  coordinate  systems  to  exist 
for  e  given  seat.  Consequently,  one  would  went  a 
system  which  Is  independent  of  the  occupant  end  well 
defined  reletlve  to  seat  structure.  Additionally, 
such  a  seat  coordinate  system  should  be  consistent 
ecroas  seat  types  and  easily  Identified  on  e  given 
test  fixture. 
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o) SEAT  RAT'  SENSOR  PACKAGE  (p,q,r) 
b}  SEAT  BOX  ACCELEROMETER  TRIAD  (x,y,z) 
c )  SEAT  BACK  ACCELEROMETER  TRIAD  (x.y.z) 


Figure  9.  Fully  instrumented  seat  used  in  MPES 
rest. 
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Figure  10.  Dummy  vs.  seet  pitch  rete. 


RwLL  ■mrc 

SOL  10  Sl*«»  FMN 

DOTS  CMtS* 


] 


Figure  11.  Dummy  vs.  seat  roll  rate. 
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Figure  12.  Dummy  va.  seet  yaw  rate. 
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Such  a  system  is  proposed  In  figure  18.  In  this 
coordinate  system,  the  Y-Z  plane  Is  coincident  with 
the  ejection  plane  and  contains  the  Seat  Reference 
Point.  The  X-Z  plane  bisects  the  seat  and  the  X-Y 
plane  is  orthogonsl  to  the  others  and  also  contains 
the  Sest  Reference  Point.  The  intersection  of  these 
three  planes  defines  a  right  handed  coordinate  system 
that  can  be  located  on  all  seats  and  is  directly 
related  to  the  hardware.  The  monitored  data  (both 
linear  and  angular),  when  localized  in  this  coordinate 
system,  can  be  extrapolated  to  the  Seat  Datum  Point 
(the  Intersection  of  the  three  planes)  and  results 
from  different  tests  and  seat  types  can  be  compared  on 
a  common  basla.  This  means  that  different 
instrumentation  mounting  locations  used  on  various 
seats  can  be  compensated  for,  aa  long  as  the 
orthogonal  sensitive  axes  of  the  three  angular  and 
three  linear  rate  sensors  are  aligned  with  the  axes  of 
the  seat  coordinate  system.  Dummy  motion  within  this 
coordinate  system  can  be  estimated  and  seat-man 
compliance  established. 
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Figure  13.  Calculated  seat  "Cx“  acceleration 
using  dummy  vs.  seat  angular  rates. 


Figure  14.  Calculated  seet  "Gy"  ecceleretion 

using  dummy  /a.  seet  enguler  rates. 


Figure  15.  Calculated  seat  "Gz"  ecceleretion 
using  dummy  vs.  seat  angular  rates. 


Figure  16.  Calculated  seat  "X"  displacement  vs. 
Bowen  trajectory  data. 


Figure  IT.  Calculated  seat  "Y"  displacement  vs. 
Bowen  trajectory  dats. 


APPLICATIONS 

In  attempting  to  compere  results  from  different  tests,  reproducibility  of  system  performance  for  given 
test  conditions  must  be  established  to  provide  estimates  of  Inherent  variability  that  crn  be  anticipated. 
If  reproducibility  can  he  demonstrated,  then  monitored  ecceleretion  characteristic.-  -an  be  related  to 
specific  events  and  the  effects  of  environmental  factors  essessed.  Figure  19  shows  tie  consistency  in 
results  that  can  be  attained.  This  particular  example  comperes  two  sero/sero  ejection  tests  (sero 
altitude,  sero  elrspeed)  from  an  A-7  cockpit,  using  identlcel  sects  end  dummies.  The  seats  were  fully 
instrumented,  in  accordance  with  the  requirements  previously  outlined.  Additionally,  redundant  orthogonsl 
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linear  accelerometers  were  employed  to  provide 
seperate  estimates  of  the  seat-time  history.  Seat  Z1 
vs  Z2  (octagon  vs  triangle)  shows  the  calculated 
seat-time  histories  using  the  two  respective 
accelerometer  clusters  for  a  given  teat.  This 
difference  between  Z1  and  Z2  can  be  Interpreted  as 
error  due  to  location  transformation.  As  can  be  seen 
this  is  negligible  for  the  tests  under  consideration. 
Seat  Z2  vs  Z2  (triangle  vs  cross)  shows  the  monitored 
variability  between  the  two  tests.  The  within  vs 
between  test  variability  indicates  that,  using  this 
Instrumentation  package,  relative  differences  between 
teats  are  real  and  not  artifacts  of  the 
instrumentation.  Both  tests  employed  canopy 
penetration  and  the  close  agreement  in  results 
Indicates  that  the  manner  in  which  the  seat  fractures 
and  passes  through  the  canopy  acrylic  is  repeatable. 
Analysis  of  the  test  films  to  establish  fracturing 
patterns  reinforced  this  conclusion.  The 
characteristic  dip  in  the  monitored  seat  acceleration, 
evident  at  approximately  0.06  seconds,  la  a  direct 
result  of  the  seat  mounted  canopy  breakers  engaging 
the  acrylic,  with  subsequent  seat  retardation  until 
the  canopy  begins  to  disintegrate.  It  ahould  also  be 
noted  that  the  large  difference  in  accelerations 
evident  at  0.18  seconds  is  due  to  rocket  ignition. 
CPT1  did  not  activate  the  rocket  after  catapult 
separation. 

Test  conditions  can  be  changed  by  altering  the 
ejected  weight  or  ejection  air  speed.  The  effects  of 
dummy  weight  on  the  trajectory  la  shown  in  figures  20 
and  21.  For  each  teat  (zero/zero,  150  KEAS)  the 
monitored  aft  and  front  dummy  responses  were  overlaid 
to  corresponding  seat  first  motion.  As  expected,  the 
front  dumsiies  (32)  consistently  attained  higher  C 
levels  than  those  In  the  aft  location  (98*) .  Within  a 
given  test  condition,  however,  both  dummy  acceleration 
profiles  were  consistent  with  similar  frequency 
response.  Given  these  results,  one  would  appear  to  be 
dealing  with  a  stable  system,  lending  itself  to 
comparison  and  factor  analysis.  Although  one  can 
compare  TF-18  SRT1  to  TF-18  SRT3  (since  the 
lnotrumentatlon  mounting  locations  were  the  same) 
these  results  do  not  lend  themselves  to  be  contrasted 
against  other  seat  types  employing  different 
instrumentation  locations.  Since  no  seat  angular  rate 
information  was  monitored  In  these  teats,  the  data 
could  not  be  translated  to  the  Seat  Datum  Point  as  per 
figure  18. 
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Figure  18.  Proposed  seat  coordinate  system. 
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Figure  19.  Within  vs.  between  test  monitored 
data  variability. 
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Figure  21.  The  effect  of  weight  at  airspeed. 


Attainable  reproducibility  and  stability  across  varying  ejection  speeds  Is  further  demonstrated  In 
figures  22  and  23.  When  categorized  by  dummy  weight,  results  are  remarkably  consistent.  As  before, 
seat-acrylic  engagement  la  clearly  evident  at  approximately  0.06  seconds,  resulting  In  a  seat  retardation 
of  approximately  AC,  followed  by  an  erradc  acceleration  profile  reflecting  seat  and/or  dummy  Interaction 
with  the  remaining  unfractured  acrylic.  Rocket  Ignition  and  burn-out  can  be  seen  at  approximately  0.16  and 
0.42  seconds  respectively.  The  large  acceleration  fluctuations  (post  0.6  seconds)  seen  in  SRT1  reflect 
seat-van  separation  and  can  be  discounted  In  performance  analysis,  since  the  dummy  Is  being  extracted  from 
the  seat  by  the  parachute.  This  event  la  delayed  In  SRT4  due  to  the  higher  ejection  airspeed.  The 
corresponding  dummy  responses  are  shown  In  figure  23,  with  the  same  acceleration  characteristics  evident. 
Seat/dumay-canopy  acrylic  Interaction  la  clearly  evident  and  the  acceleration  attributable  to  rocket 
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ignition  has  been  amplified  by  approximately  80s.  From  these  examples  it  is  evident  thst  the  respective 
ejections  sre  stable,  repeatable,  snd  characteristic  of  this  system. 
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Figure  22.  Reproducibility  of  seat  performance 
across  varying  ejection  air  speeds. 
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Figure  23.  Reproducibility  of  dummy  results 

scross  varying  ejection  air  speeds. 


The  effect  of  airspeed  on  system  performance  and  dummy  response  is  directly  reflected  in  the  monitored 
dummy  Cx  accelerations  seen  in  figure  24.  As  before,  ejections  were  categorized  by  dummy  weight  (3X)  and 
ejection  air  speeds  ranged  from  0  to  600  KEAS.  The  seats  were  stable  and  the  differences  in  monitored 
accelerations  can  be  attributed  to  wlndblast  and  drag.  It  should  be  noted  that  acceleration  differences 
prior  to  catapult  separation  (approximately  0.16  seconds)  reflect  the  dummy-seat  interaction,  since  the 
dummy  is  not  tctally  free  to  respond  but  is  pushed  into  the  seat  back  which  is  still  attached  to  the 
aircraft.  Only  after  catapult  separation  is  the  seat-man  system  unrestrained  in  responding  to  the  wind 
forces.  Tvo  points  are  noteworthy.  First,  the  increasing  (with  airspeed;  monitored  -Cx  acceleration  prior 
to  catapult  separation  does  indicate  that  the  dummy  is  pushed  into  the  seat  with  increasing  severity. 
Secondly,  at  high  speed,  the  maximum  force  exerted  on  the  seat-man  system  occurs  well  into  the  rocket 
phase,  indicating  that  the  wind  force  is  not  a  monotonically  decreasing  function  but  that  turbulence  does 
significantly  affect  wind  force-time  history.  The  largest  acceleration  difference  between  the  0  and  600 
KEAS  cases  occurs  at  approximately  0.275  seconds.  This  change  of  approximately  42Gs  can  be  used  to 
estimate  the  wind  force  exerted  on  the  seat-man  system.  The  surface  area  of  the  seat-man  combination  was 
estimated  to  be  approximately  8  squ.  ft.  and  and  the  ejection  weight  was  337  lbs.  From  these  values  the 
wind  force  was  estimated  to  be  1800  PS1  (peak).  Although  somewhat  high,  this  estimate  is  a  reasonable 
approximation  of  the  dynamic  pressure  anticipated  at  this  airspeed  (1500  PSI),  taking  into  account  the 
compressibility  effects  of  air  (5). 

Having  shown  that  results  for  a  given  ejection 
system  in  s  particular  aircraft  configuration  are 
consistent  and  quantifiable,  it  is  of  Interest  to 
compare  performance  across  slrcraft  types,  where 
ejection  angles  and  seat  geometries  vary.  A 
comparison  between  test  ejections  from  A-7  and  AV-8B 
aircraft  Is  shown  in  figure  25.  As  was  tha  case  for 
the  previously  discussed  A-7  results,  the  AV-8B  tests 
were  fully  Instrumented,  with  the  three-dimensional 
acceleration  histories  of  both  tha  seat  and  tha  dummy 
known.  The  seat  data  were  analyzed  in  terms  of  figure 
18  to  make  comparisons  on  a  cession  basis  possible. 

AV-8B  data  acquisition  varied  somewhat  in  that  the 
telemetry  data  was  pre-flltered  to  100  Ht,  whereas  A-7 
results  employed  s  post-test  data  filtering  algorithm 
to  reduce  tha  raw  data  to  comparable  values  (100  Hz, 

0.707  damping  ratio).  Although  the  seat  geometrlas 
and  ejactlon  angles  vary  between  tha  AV-8B  and  A-7, 
the  propulsion  and  stabilization  systems  in  tha 
respectlva  seats  ara  identical  end  both  systems 
amployad  canopy  penatratlon  as  tha  ejection  node. 

From  figura  25,  it  becomes  obvious  that  saat 
performance  in  the  raspactlva  aircraft  was  vlrtuslly 
indistinguishable,  with  seat  reterdatlon  due  to 
canopy-acrylic  interaction  claarly  evident  in  both 
cases  (approximately  0.06  seconds).  Considering  that 
tha  respective  canopy  configurations  and  compositions 
(cast  vs  stretched  acrylic)  wars  dlffarant,  the 
consistency  in  results  is  reaarkahle. 

Subsequent  to  the  first  two  AV-8B  tero/zero  tests,  the  ejection  modality  was  changed  from  canopy 
penetration  (whera  only  the  saet  is  designed  to  fracture  the  canopy  ecryllc)  to  canopy  fracturing  (whare 
detonating  chord  fragments  the  acrylic  prior  to  sect  penetration).  Tha  comparative  results  are  shown  in 
figure  26.  It  will  be  noted  that  tha  characteristic  seat  eccaleration  decay  (approximately  0.06  seconds) 
asaocleted  with  tha  penetration  tests  is  conspicuously  absent  in  the  fracturing  test.  The  corresponding 
monitorad  dummy  data  is  shown  in  figura  27.  Comparison  between  canopy  penetretlon  and  fracturing  indicates 
significant  improvement  to  the  seat  acceleration  profile  for  the  latter  casa.  Tha  seat  driving  function  is 
comparable  to  canopy  jettisoning,  where  tha  catapult  phase  can  be  charactarlted  by  a  monotonically 
Increasing  function  (sea  figures  20  and  21).  This  is  reflected  in  monitored  dummy  rasponse  data  (figure 
27)  which  is  davold  of  the  accalaretlon  fluctuations  typical  of  the  canopy  penetration  cases.  This  smooth 
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Figure  24.  The  affect  of  wlndblast  on  duaay  ~ux~ 
rasponse. 


seat  acceleration  maintains  good  seat-occupant  coupling  and  Improves  spinal  loading  which  can  result  In 
Increased  tolerance  and  consequently  reduced  probability  of  Injury  during  the  catapult  phase. 
Additionally,  possible  secondary  loading  of  the  occupant  through  the  head  and  neck  system,  due  to  direct 
contact  with  the  canopy  acrylic,  has  been  virtually  eliminated. 
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Figure  2S.  Reproducibility  of  seat  performance 
across  varying  aircraft  types. 

CONCLUSIONS 


Figure  26.  The  Improvement  in  seat  performance 
when  pre-ejection  canopy  frecturlng 
la  Introduced. 
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In  order  to  apply  ovellable  human  tolerance 
Information  In  assessing  physiological  scceptebl lity 
of  ejection  seat  performance,  both  the  seat  and  dummy 
three-dimensional  scceleretlon-tlme  histories  have  to 
be  known.  This  Information  la  required  to  quantify 
seal-man  Interaction  and  Its  effect  on  the  seat 
trajectory.  Furthermore,  In  order  to  effectively 
compare  results  from  different  test  progrems  Involving 
a  variety  of  sects,  the  monitored  date  must  be 
trenslated  to  a  common  point  so  thet  the  effects  of 
angular  retes  on  linear  acceleretlons  cen  be  factored 
out.  This  requirement  defines  the  minimum 
Instrumentation  thet  must  be  employed.  Both  the 
linear  and  engular  rates  about  sn  orthogonal  right 
handed  coordlnete  system  must  be  monitored  for  both 
the  dummy  end  the  seet.  The  eblllty  to  trenslete 
monitored  sensor  data  to  e  common  point  requires 
definition  of  a  seet  coordinate  system  that  Is 
Independent  of  occupant  properties,  equally  eppllcable 
to  the  verlety  of  geometries  employed  on  the  verlous 
seats,  unambiguous,  end  easily  locatable  on  test 
fixtures.  Such  a  coordinate  system,  presently  In  use 
on  Navy  ejection  teats,  was  described.  All  seat 
Instrumentation  must  have  the  sensor's  sensitive  axes 
ellgned  with,  and  dimensionally  located,  on  this 
coordinate  syatem. 

Initial  position  end  orlentetlon  of  the  dummy  Instrumentation  In  this  seet  coordlnete  system  is  also 
required  to  fully  assess  sect-dummy  lnterectlons .  Consequently,  dummy  lnstrumentetlon  must  be  surveyed 
onto  well  defined  lendmarks  so  that  various  test  results  cen  be  compered  on  e  common  baslr.  As  wes 
Illustrated,  apeclfylng  lnstrumentetlon  location  solely  by  'heed*  or  'chest'  does  not  suffice  end  cen  leed 
to  serious  bleses  In  deta  Interpretation. 

The  ecqulsltlon  end  enelyale  of  complete  end  unambiguous  test  information  Is  elso  of  primary 
Importance  In  mathematical  modeling,  since  It  constitutes  the  date  base  used  for  validation.  Once  properly 
velldeted,  mathematical  simulation  can  be  effective  In  analyzing  and  expanding  the  evelleble  dete  and  to 
Isolate  crucial  perameters  effecting  seet  performance.  Results  from  such  enalyses  should  be  used  to  eld  In 
the  formulation  or  expansion  of  experloentel  designs  and  lsolete  peremeters  that  should  be  monitored. 


Figure  27.  Monitored  dummy  response  In  cenopy 
frecturlng  vs.  penetretlon  ceses. 
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DISCUSSION 

UNIDENTIFIED  QUESTIONER 

Did  you  survey  qualities  of  various  elements  as  a  separate  procedure  or  as  a  comprehensive  total  calibra¬ 
tion  of  the  complex  system  as  you  are  using,  in  which  you  tried  to  estimate  all  the  various  correlated  para¬ 
meters  at  once? 

DR.  THOMAS  (USA)  COMMENT 

The  ejection  seat  instrumentation  is  totally  different,  in  terms  of  the  controls,  from  the  experimental 
instrumentation  used  in  the  laboratory .  There  are  major  differences .  He  has  discussed  the  instrumentation 
for  ejection  seat  testing . 

(UNKNOWN  QUESTIONER) 

That's  the  reason  1  posed  the  question. 

DR.  THOMAS  (USA)  COMMENT 

Is  that  a  sufficient  answer? 

AUTHOR  S  REPLY 


This  is  one  of  the  reasons  we  used  redundant  instrumentation.  We  filter  all  the  data  at  200  hz  with  a 
damping  ratio  of  0.7,  because  frequencies  above  200  hz  are  not  likely  to  pass  into  the  dummy.  The  seats  are 
instrumented  redundantly  to  insure  an  adequate  tolerance  assessment.  Thus,  to  insure  that  we  were  not 
eliminating  any  data,  we  put  in  the  redundant  instrumentation  with  one  set  filtered  at  200  hz,  and  the  other  set 
not  filtered,  so  that  we  could  say  that  there  was  no  relevant  information  at  200  hz.  We  cross-checked  the  agree¬ 
ment  between  the  filtered  and  unfiltered  and  determined  the  estimate  of  error  involved .  1  cross  plotted  them 
looking  at  the  general  differences  (within  test)  versus  (between  test)  difference;  the  within-test  differences 
were  rather  small  as  compared  to  the  between-test  differences .  1  agree  that  if  you  want  to  differentiate  or  inte¬ 
grate  ,  obviously  ,  you  have  to  do  a  much  better  job  . 

DR.  THOMAS  (USA)  COMMENT 

In  the  laboratory,  working  with  human  subjects,  wc  have  a  redundant  system  between  the  photographic 
and  the  sensor  ncasurcs.  You  cannot,  in  practice,  achieve  this  under  range  test  conditions  because  of 
the  tremendous  instabilities  in  the  carriage  and  difficulty  with  photographic  instrumentation.  Some  of  these 
tests  go  as  high  as  600  knots  with  tremendous  system  vibrations;  and  it's  hard  to  get  cameras  to  adequately 
function,  let  alone  obtain  really  good  photographic  calibration.  In  summary,  our  photographic  calibration 
on  the  range  is  not  nearly  as  good  as  the  quality  we  obtain  in  laboratory  tests .  1  think  that  may  elaborate  on 
your  question . 
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EVOKED  POTENTIAL  STUDIES  OF  CENTRAL  NERVOUS  SYSTEM  INJURY 
DUE  TO  IMPACT  ACCELERATION* 

B.  Saltzberg1 ,  W.D.  Burton  Jr.',  N.R.  Burch',  C.L.  Ewing2, 
D.J.  Thomas2,  M.S.  Weiss2,  M.D.  Berger2,  A.  Sances  Jr.  , 
P.R.  Walsh3,  J.  Myklebust3,  S.J.  Larson3,  E.  Jessop2 


This  paper  reports  on  one  aspect  of  a  comprehensive  prog¬ 
ram  designed  to  investigate  the  effects  of  various  levels 
of  impact  acceleration  on  the  functional  integrity  of  the 
nervous  system.  The  results  described  are  based  on  the 
measurement  of  afferent  neural  transmission  in  the  Rhesus 
monkey  as  revealed  by  latency  and  amplitude  changes  in 
the  evoked  potential  (EP) .  In  order  to  track  the  time 
course  of  recovery  of  latency  and  amplitude  with  high 
time  resolution,  automated  methods  for  detecting  peak 
amplitude  and  latency  of  components  of  the  evoked  poten¬ 
tial  were  developed.  These  methods  were  applied  to  EP 
data  recorded  during  imract  experiments  on  Rhesus  monkeys. 


PREFACE 


Because  of  the  growing  concern  for  the  human  and  economic  cost  of  vehicular  acci¬ 
dents,  studies  to  systematically  evaluate  the  physiological  effects  of  impact  accelera¬ 
tion  on  the  head  and  body  are  becoming  increasingly  urgent.  Most  research  in  this  problem 
area  has  been  limited  in  scone  because  of  the  complexity  of  the  physiological  measurements 
and  the  extensive  technological  resources  required  to  achieve  precise  recording  and  con¬ 
trol  of  the  large  number  of  mechanical  and  biological  variables  involved.  In  response 
to  this  need,  a  comprehensive  program  has  been  developed  at  the  Naval  Biodynamics  Labora¬ 
tory  (NBDL)  for  acquiring  the  fundamental  data  needed  in  the  development  of  improved 
measures  to  reduce  injuries  caused  by  impact  accidents.  The  NBDL  facility  is  equipped 
with  an  integrated  battery  of  scientific  instrumentation  and  computers  to  collect  and 
correlate  anatomical,  physiological,  neurological,  radiological,  and  mechanical  data. 

This  paper  presents  the  initial  analysis  of  an  electrophysiological  data  base  which  is 
currently  being  examined  and  correlated  with  other  physiological  and  physical  measures 
by  specialists  in  neurophysiology  and  neuroanatomy  at  NBDL.  The  major  objective  of  this 
continuing  analysis  is  to  interpret  and  model  the  results  of  the  experiments  at  NBDL. 

METHODS 

Four  Rhesus  monkeys  were  subjected  to  a  total  of  eight  sled  impact  acceleration  runs 
at  NBDL  to  reproduce  the  dynamic  forces  which  act  on  the  head,  and  on  the  spinal  column 
and  cord  in  a  lateral  (-Y)  collision.  Each  animal  was  subjected  to  a  10-G  control  impact, 
followed  later  the  same  day  by  a  larger  impact.  The  larger  impacts  were:  30-G  for  animal 
AR-8849,  50-G  for  animal  AR-2152,  70-G  for  animal  AR-8695,  and  90-G  for  animal  AR-8816. 
Analyses  of  only  the  30,  50,  70,  and  90-G  runs  are  presented  here  since  the  10-G  runs 
showed  no  significant  post-impact  EP  changes. 

Electrical  stimulation  was  applied  to  the  spinal  cord  with  recording  of  evoked  ac¬ 
tivity  from  the  Left  and  Rioht  Sensory-Motor  Cortex  (CXL  and  CXR) .  Surgical  procedures 
for  electrode  implantation  were  carried  out  under  barbituate  anesthesia  with  endotrachial 
intubation  and  atropine  premedication.  Stimulating  electrodes  were  a  five-in-line  lead 
parallel  array  placed  over  the  spinal  cord.  Recording  electrodes  were  placed  over  the 
left  and  right  sensory-motor  cortex.  Details  of  the  electrode  configurations  and  surgical 
implantation  procedures  are  described  in  Reference  1  (P.R.  Walsh,  et  al.,  “Experimental 
methods  for  evaluating  spinal  cord  injury  during  impact  acceleration") .  All  stimuli  were 
constant  current  rectangular  pulses  of  0.2  millisecond  duration.  Current  levels  (approxi¬ 
mately  1.25  milliamfere)  were  applied  sufficient  to  obtain  good  afferent  evoked  potentials. 

Copies  of  the  analog  data  tapes  from  the  NBDL  -Y  inpact  experiments  were  processed 
at  the  Texas  Research  Institute  of  Mental  Sciences  (TRIMS)  using  Average  Evoked  Potential 
(AEP)  analysis  programs  written  specifically  for  this  project.  The  analog  data  consisted 
of  two  channels  of  EEG  data,  a  stimulus  marker  channel,  and  a  time-code  channel.  These 
data  constituted  the  input  to  a  PDP-11  computer  equipped  with  an  AR-li  analog-to-digital 
converter  (lC-bit  resolution).  The  time  code  was  used  to  control  the  digitizing  start 
and  stop  times  relative  to  experimental  impact.  The  stimulus  marker  controlled  the  start 
of  data  acquisition  for  individual  responses.  In  order  to  achieve  high  resolution  in 
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measuring  the  latency  of  AEP  components,  the  analog  tape  was  slowed  to  half  its  normal 
speed,  and  appropriate  adjustments  were  made  to  playback  discriminators  and  the  sampling 
interval.  The  final  digitized  data  resolution  was  25  microseconds  per  point  (equivalent 
to  40,000  samples  per  second). 

Starting  on  the  rise  of  the  stimulus  mark  pulse,  2000  digital  samples  were  used  to 
obtain  AEPs  of  50  milliseconds  duration.  Initially,  5  individual  responses  were  averaged 
to  create  each  AEP.  The  AEPs  were  written  to  digital  tape  for  subsequent  processing. 
Preliminary  examination  of  the  AEPs  (based  on  5  responses)  immediately  following  impact 
revealed  a  significantly  noisy  pattern  and,  therefore,  additional  averaging  was  necessary. 
However,  to  achieve  good  time  resolution  of  temporal  changes  in  amplitude  and  latency  of 
components  of  the  AEPs,  it  was  necessary  to  minimize  (within  the  constraints  of  noise) 
the  number  of  individual  responses  used  to  obtain  a  smooth  AEP.  Using  AEPs  consisting  of 
50  individual  responses  met  both  criteria  in  that  the  resulting  improvement  in  signal-to- 
noise  ratio  gave  a  smooth  AEP  while  providing  a  reasonably  good  time  resolution  of  10 
seconds. 

In  order  to  visualize  overall  changes  in  AEP  waveshape,  compressed  AEP  plots  were 
produced.  These  plots  show  the  time  course  of  AEPs  over  a  period  of  12  minutes,  begin¬ 
ning  2  minutes  prior  to  impact.  Compressed  AEP  plots  for  the  Left  and  Right  Cortical 
Leads  (CXL  and  CXR)  from  each  of  the  4  experiments  are  shown  in  Figures  1  through  4. 

The  feature  most  common  to  AEPs  from  the  4  different  animals  was  a  peak  which  occurred 
in  the  latency  range  from  9  to  13  milliseconds  following  the  stimulus.  Except  in  animal 
AR-2152,  used  for  the  70-G  run,  this  peak  was  positive-going,  and  will  be  referred  to  as 
E10.  An  AEP  component  in  the  latency  range  15  to  20  milliseconds  (designated  E15)  was 
found  in  all  animals  except  AR-8816,  the  animal  used  for  the  90-G  experiment. 

Quantification  of  changes  in  the  AEPs  was  done  by  tracking  the  amplitude  and  latency 
of  the  E10  and,  where  possible,  the  E15  peaks.  The  mean  and  standard  deviation  of  the 
measures  were  computed  from  23  AEPs,  starting  4  minutes  prior  to  impact.  These  were  used 
in  comparing  pre-  and  post-impact  AEP  measures.  Changes  were  defined  as  significant  when 
the  measured  value  for  2  successive  AEPs  deviated  by  more  than  1  standard  deviation  from 
the  pre-impact  mean.  Recovery  time  for  a  measure  was  defined  as  the  time  from  impact  to 
the  first  value  within  1  standard  deviation  of  the  pre-impact  mean. 

RESULTS 

Tables  1  through  4  summarize  effects  on  the  amplitude  and  latency  of  the  E10  and  El5 
AEP  components  from  the  4  acceleration  levels  studied.  Listed  in  the  tables  are: 

1.  The  percent  relative  deviation  of  the  measure  during 

4  minutes  pre-impact  (standard  deviation  *  mean  x  100), 

2.  The  maximum  change  post-impact,  expressed  as  percent 
of  the  pre-impact  mean,  and 

3.  The  recovery  time 

For  those  instances  where  the  post-impact  changes  were  not  significant,  the  recovery  time 
is  reported  as  zero. 

Table  1  shows  the  effects  of  impact  on  the  amplitude  of  the  E10  component.  At  30-G, 
the  amplitude  is  reduced  in  both  the  CXR  and  CXL  leadB.  Following  50-G  acceleration,  the 
amplitude  is  reduced  more  in  the  Right  lead  (76*)  than  in  the  Left  Lead  ( 70* ) .  The  70-G 
impact  produced  an  increase  in  the  amplitude  of  the  E10  peak  on  the  left  side,  and  a 
decrease  on  the  right  side. 

The  largest  and  most  asymmetric  effect  on  amplitude  took  place  at  90-G  acceleration, 
as  shown  in  Figure  5.  The  amplitude  of  the  Left  Lead  E10  component  increases  slightly  for 
30  seconds  following  impact,  while  the  positive-going  E10  component  is  completely  obliter¬ 
ated  from  the  Right  Lead.  This  effect  lasts  for  4  minutes  post-impact.  Between  4  and 
5.9  minutes,  the  amplitude  recovers  to  nearly  its  pre-impact  value  before  falling  again. 

The  amplitude  leaves  the  recovery  band  again  at  6.8  minutes  and  reaches  a  reduced  stable 
value  by  10  minutes  post-impact.  Between  10  and  58  minutes,  the  amplitude  exhibits  a  very 
slow  recovery  trend.  The  amplitude  variability  from  AEP  to  AEP  is  markedly  less  during 
this  time  than  during  the  pre-impact  period. 

For  all  4  acceleration  levels,  the  E10  amplitude  recovery  time  recorded  from  the 
Right  Lead  is  considerably  longer  than  for  the  Left  Lead.  Recovery  in  the  Left  Lead  fol¬ 
lowing  50-G  impact  is  slightly  longer  them  it  takes  at  30-G.  The  Right  Lead  at  50-G 
recovers  in  about  half  the  time  compared  to  30-G.  At  the  70-G  acceleration,  the  Left 
Lead  required  5  minutes  to  recover,  while  the  Right  Lead  had  not  recovered  during  the  6.5 
minutes  of  post-impact  data  studied.  Only  6.5  minutes  for  this  run  were  used  due  to  a 
technical  problem  which  is  now  being  corrected.  Two  recovery  times  are  listed  for  the 
90-G  run,  the  first  (5.8  minutes)  represents  the  initial  amplitude  rebound;  the  second 
(58.6  minutes)  is  for  the  long-term  effect. 

Table  2  is  a  summary  of  the  latency  changes  for  the  E10  component  of  the  AEP.  There 
were  no  significant  changes  in  latency  associated  with  30-G  impact.  At  50-G,  the  Left 
Lead  component  shows  a  9.21  reduction  in  latency,  while  the  Right  Lead  shows  a  2.31 
increase.  The  recovery  time  shown  for  the  CXR  lead  of  the  70-G  run  is  not  a  reliable 
estimate  because  of  the  small  maximum  change  relative  to  the  pre-impact  variability. 
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The  90-G  acceleration  gives  rise  to  the  most  asymmetric  effect.  As  shown  in  Figure 
6,  the  latency  of  the  Left  Cortical  E10  component  increases  7.9%  following  impact,  and 
recovery  takes  place  within  1  minute.  The  left  pathway  latency  increases  and  decreases 
again  between  4  and  8  minutes  pcst-impact.  This  time  corresponds  to  the  time  when  the 
Right  Cortical  AEP  amplitude  is  rebounding.  After  8  minutes,  the  latency  of  the  left 
E10  component  reaches  a  mean  value  which  is  about  2%  less  than  its  pre-impact  value. 

By  comparison,  the  Right  Cortical  E10  component  of  the  AEP  reappears  at  4  minutes 
post-impact,  and  its  latency  is  12%  greater  than  before  impact.  Latency  recovery  takes 
about  7.2  minutes  post-impact,  a  time  which  also  corresponds  with  the  amplitude  rebound 
of  this  component.  From  7.2  minutes  on,  the  latency  appears  to  stabilize  to  a  slightly 
smaller  value  than  it  had  pre-impact.  This  is  probably  due  to  the  double  hump  shape  of 
the  E10  component  in  this  experiment  (Figure  4).  Prior  to  impact,  the  second  hump  was 
consistently  larger  and  was  the  one  detected  as  the  extremal.  Following  impact,  the 
first  hump  is  larger  and,  therefore,  was  detected  as  the  extremal. 

Table  3  summarizes  the  chanctes  in  amplitude  of  the  E15  component  of  the  AEP.  The 
higher  variability  in  the  measured  amplitudes  during  pre-impact  time  makes  interpretation 
of  this  data  more  difficult.  The  30-G  impact  had  the  effect  of  increasing  the  amplitude 
in  the  CXL  lead,  but  had  no  effect  on  the  CXR  lead.  At  50-G  and  70-G,  the  amplitude  on 
both  sides  was  reduced,  as  was  the  amplitude  of  the  E15  component  in  the  CXL  lead  of  the 
90-G  experiment.  The  E15  component  could  not  be  reliably  detected  in  the  CXR  lead  of  the 
90-G  experiment.  In  all  runs,  recovery  of  amplitude  occurred  within  1.7  minutes  post¬ 
impact. 

Table  4  shows  that  only  in  the  90-G  run  is  there  any  effect  on  the  latency  of  the 
E15  component  of  the  AEP.  The  latency  increased  by  7%,  and  recovered  in  40  seconds. 

SUMMARY  OF  FINDINGS 

The  most  striking  changes  take  place  in  the  ElO  component. 

The  recovery  time  of  the  E15  component  varies  directly  with  the  impact  intensity. 
Latency  of  the  E15  component  is  only  slightly  affected  by  impact  intensity. 

At  all  4  acceleration  levels,  the  ElO  amplitude  component  of  the  Right  Cortical 
response  takes  longer  to  recover  than  the  Left  Cortical  response. 

At  70-G  acceleration,  there  is  a  long-term  effect  on  the  ElO  amplitude.  This  effect 
did  not  show  up  at  lower  impacts.  This  may  be  similar  to  the  long-term  effect  present  at 
90-G. 


The  ElO  component  was  obliterated  from  the  CXR  lead  for  4  minutes  post-impact  at 
90-G.  However,  small,  earlier  components  remain  clear  for  a  considerable  time  after 
impact.  These  early  components  have  latency  and  frequency  characteristics  similar  to 
those  recorded  in  human  brainstem  evoked  response  studies.  At  this  G-level,  these  early 
components  are  affected  quite  differently  than  the  ElO  component. 

CONCLUDING  REMARKS 

Insofar  as  lateral  impact  acceleration  is  concerned,  our  initial  evaluation  of  the 
EP  data  produced  in  the  NBDL  experiments  reported  here  indicates  that  neural  propagation 
from  the  spinal  cord  to  the  ser.sory-motor  cortex  is  more  severely  altered  along  the  right 
pathway  than  along  the  left  pathway.  It  should  be  emphasized  that  the  analysis  presented 
in  this  paper  has  been  limited  to  an  examination  t  only  two  components  of  the  EP,  a  com¬ 
ponent  at  approximately  10  milliseconds  latency  and  a  component  at  approximately  15  milli¬ 
seconds  latency.  There  are  other  less  prominent  components  in  the  range  from  7  to  20 
milliseconds  which  have  not  been  analysed  as  yet,  as  well  as  late  components  which  may 
have  neurophysiological  significance  with  regard  to  understanding  the  effects  of  impact 
acceleration  on  the  motor  nervous  system.  The  early  components  in  particular  may  offer 
some  interesting  insights  on  how  brain  stem  activity  is  affected.  As  stated  earlier,  the 
ele -trophysiological  results  reported  here  are  being  integrated  and  analysed  by  NBDL  in 
the  context  of  its  overall  program  of  biodynamic  measurement. 
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TABLE  1 

SUMMARY  OF  CHANGES  IN  AMPLITUDE  OF  EIO  COMPONENT 

RUN  MEASURE  C XL- LEFT  LEAD  CXR-RIGHT  LEAD 

3P-G  pre-impact  relative 

amplitude  deviation  7.5% 

Maximum  change  -29.8% 

Recovery  time  52  seconds 

50-G  pre-impact  relative 

amplitude  deviation  15.9%  16.7% 

Maximum  change  -69.8%  -75.9% 

Recovery  time  69  seconds  100  seconds 

70-G  pre -impact  relative 

amplitude  deviation  33.8%  23.0% 

Maximum  change  55.9%  -52.0% 

Recovery  time  300  seconds  390  seconds  (Note  1) 

90-G  pre-impact  relative 
amplitude  deviation 

Maximum  change 
Recovery  time 


NOTES 

1.  Data  for  only  6.5  minutes  post-impact  was  tracked  for  the 
70-G  run.  Recovery  had  not  taken  place  by  that  time. 

2.  The  positive  E10  component  was  completely  eliminated  for 
4  minutes  post-impact. 

3.  After  the  90-G  impact,  the  amplitude  recovered,  then  fell 
to  a  lower,  slowly  recovering  value  (see  text). 


TABLE  2 


SUMMARY  OF  CHANGES 

IN  LATENCY  OF  E10 

COMPONENT 

RUN 

MEASURE 

CXL-LEFT  LEAD 

CXR-RIGHT  LEAD 

30-G 

pre-impact  relative 
latency  deviation 

1.8% 

1.0% 

Maximum  change 

NS 

NS 

Recovery  time 

0 

0 

50-G 

pre-impact  relative 
latency  deviation 

2.2% 

0.5% 

Maximum  change 

-9.2% 

2.3% 

Recovery  time 

27  seconds 

79  seconds 

70-G 

pre-impact  relative 
latency  deviation 

0.5% 

2.7% 

Maximum  change 

2.2% 

4.4% 

Recovery  time 

94  seconds 

21  seconds 

90-G 

pre-impact  relative 
latency  deviation 

1.9% 

1.6% 

Maximum  change 

7.9% 

12.0% 

Recovery  time 

50  seconds 

430  seconds 

6.6% 

-28.8% 

208  seconds 


TABLE  3 


SUMMARY  OF  CHANGES 

IN  AMPLITUDE  OF  E15 

COMPONENT 

RUN 

MEASURE 

CXL-LEFT  LEAD 

CXR-RIGHT  LEAD 

30-G 

pre-impact  relative 
amplitude  deviation 

47.7% 

65.7% 

Maximum  change 

119.5% 

NS 

Recovery  time 

41  seconds 

0 

50-G 

pre-impact  relative 
amplitude  deviation 

24.6% 

54.7% 

Maximum  change 

-78.7% 

-100.0% 

Recovery  time 

100  seconds 

£9  seconds 

70-G 

pre-impact  relative 
amplitude  deviation 

31.4% 

20.4% 

Maximum  change 

-99.4% 

-74.0% 

Recovery  time 

94  seconds 

94  seconds 

90-G 

pre-impact  relative 
amplitude  deviation 

30.0% 

Note  1 

Maximum  change 

-69.0% 

Recovery  time 

60  seconds 

NOTE 

1.  The  E15  component  could  not  be  reliably  tracked  ir.  the  90-G  run 


TABLE  4 

SUMMARY  OF  CHANGES  IN  LATENCY  OF  E15  COMPONENT 


RUN 


MEASURE  CXL-LEFT 


CXR-RIGHT  LEAD 


30-G  pre-impact  relative 

latency  deviation  1.8% 

Maximum  change  NS 

Recovery  time  0 


2.3% 

NS 

0 


50-G  pre-impact  relative 

latency  deviation  1.71 

Maximum  chanqe  NS 

Recovery  time  0 


1.9% 

NS 

0 


70-G  pre-impact  relative 

latency  deviation  0.7% 

Maximum  change  NS 

Recovery  time  0 


C.6% 

NS 

0 


90-G  pre-impact  relative 
latency  deviation 

Maximum  change 
Recovery  time 


2.9% 

7.1% 

40  seconds 


Note  1 


NOTE 


1.  The  E15  component  could  not  be  reliably  tracked  in  the  90-G  run 
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NEUROPATHOLOGY  OF  THE  RHESUS  MONKEY  UNDERGOING  -Gx  IMPACT  ACCELERATION 


Friedrich  Unterharnscheidt ,  M.D. 
Naval  Biodynamics  Laboratory 
Box  29407 

New  Orleans,  Louisiana  70189 
and 

Neuroscience,  Incorporated 
3512  Camp  Street 
New  Orleans,  Louisiana  70115 


SUMMARY 

Each  vector  direction  of  impact  acceleration  produces  a  different  and  predictable 
type  of  iniury  in  regard  to  quality  and  distribution. 

The  specific  neuropathological  injury  pattern  in  -Gx  acceleration  transmitted 
indirectly  to  the  head  via  the  vertebral  column  consists  of  tissue  damage  at  the  2one  of 
maximum  stretch  at  the  atlanto-occipital  junction  and,  if  the  threshold  is  reached, 
incomplete  and  complete  traumatic  transection  of  the  spinal  cord  and  rupture  of  both 
vertebral  arteries  and  concomitant  basilar  and  spinal  subarachnoid  and  subdural  hemor¬ 
rhages.  Furthermore  at  peak  sled  acceleration  levels  low  enough  that  neither  incomplete 
nor  complete  transections  occurred,  a  local  indentation  of  tissue  was  seen  at  the  ven¬ 
tral  fissure,  apparently  caused  by  direct  impact  of  the  tip  of  the  odontoid  process  of 
the  axis.  In  some  instances,  subdural  hemorrhages  over  both  cerebral  hemispheres  due  to 
ruptured  bridging  veins  were  seen,  probably  as  the  result  of  rotational  acceleration. 

As  we  have  demonstrated  before,  a  neurophysiological  and  neuropathological  continuum 
from  no  lesions  to  severe  and  lethal  ones  can  be  demonstrated,  described  and  quantified. 
The  head-neck  and  brain-cord  systems  can  be  described  by  input-output  relationships. 

Each  effective  mechanical  input  to  the  head  and  neck  corresponds  to  a  predictable  and 
typical  morphological  end  state. 


INTRODUCTION 

Background 

Ewing  (1964)  (1)  observed  that  Naval  aircraft  crashes  might  be  associated  with 
concussion  due  to  neck  stretch,  as  suggested  by  the  work  of  Friede,  (1960,  1961)  (2,  3, 
4).  in  order  to  further  investigate  this  problem,  Ewing  obtained  Naval  Safety  Center 
statistics  and  analyzed  them.  These  data  showed  that  in  the  five  fiscal  years  1959 
through  1963,  there  were  6,974  individuals  involved  in  aircraft  accidents  involving 
ejection,  bail  out,  collision  with  ground  or  collision  with  water  (which  also  includes 
ditchings),  of  whom  89%  were  exposed  to  crash  impact  accelerations  due  to  collisions 
with  ground  or  water;  while  only  11%  avoided  them  by  election  or  bail  out.  Furthermore, 
70%  of  all  Jatal  jet  embarked  accidents,  and  88%  of  all  _fatal  prop  embarked  accidents 
were  collisions  with  water,  while  only  22%  of  all  ■'et  embarked  accidents  and  only  51%  of 
all  prop  embarked  accidents  were  collisions  with  water.  The  total  number  of  fatalities 
during  this  period  from  collision  with  water  alone  was  226. 

With  the  evidence  of  the  severity  of  the  problem  in  the  U.S.  Navy,  a  working  paper 
was  prepared  by  Ewing  (1964)  (1)  which  attempted  to  analyze  the  cause  for  the  high 
fatality  rate.  Ewing  stated;  "in  attempting  to  determine  a  reason  for  the  experience 
quoted  above,  a  study  of  the  literature  combined  with  a  study  of  the  aviator's  situation 
during  a  crash  provided  the  following-  (1)  the  aviator’s  head  and  neck  are  un¬ 
restrained,  permitting  relative  motion  in  a  deceleration  event  between  the  restrained 
torso,  and  the  unrestrained  head  and  neck:  (2)  the  crash  helmet,  worn  in  all  carrier 
aircraft,  has  a  center  of  gravity  location  which  shifts  the  center  of  gravity  of  the 
head-helmet  mass  superiorly  and  anter iorally.  This  would  tend  to  increase  the  ro¬ 
tational  movements  of  the  head  on  the  neck:  (3)  the  crash  helmet  adds  50%  in  weight  to 
the  normal  weight  of  the  head,  thus  increasing  markedly  the  force  exerted  on  the  neck  in 
a  deceleration  event:  (4)  an  analysis  of  the  various  mechanical  factors  involved  reveals 
that  stretch  and  flexion  of  the  cranio-cervical  junction  are  most  important  in  the 
mechanics  of  concussion." 

Studies  on  jet  aircraft  thrown  in  the  water  from  the  deck  of  an  aircraft  carrier 
have  shown,  according  to  Rawlins  et  al .  (1964)  (5)  that  the  aircraft  usually  floats  for 
a  maximum  of  60  seconds,  and  then  sinks  at  a  minimum  rate  of  400  ft/min,  thus  giving  a 
maximum  of  two  minutes  for  the  aviator  to  escape  before  being  crushed  by  water  pressure, 
even  if  he  had  escaped  drowning. 

As  a  result  of  this  analysis,  he  prepared  experimental  designs  which  were  funded, 
of  which  this  study  is  a  part.  A  new  laboratory,  the  Naval  Biodynamics  Laboratory,  was 
established  in  part  to  perform  this  work. 


This  paper  is  dedicated  to  Otto  Stochdorph,  M.D.,  Professor  and  Chairman,  Department  of 
Neuropathology,  University  of  Munich,  School  of  Medicine,  Munich,  West  Germany. 
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Previous  Work 


Investigations  in  which  uncontrolled  and  controlled  mechanical  forces  applied  to 
the  heads,  the  spine,  and  spinal  cord  of  animals,  using  different  impact  vector  direc¬ 
tions  are  correlated  with  resulting  morphological  alterations  have  been  carried  out 
since  the  last  quarter  of  the  last  century. 

Discussion  of  the  literature  and  historical  reviews  were  presented  by 
Unterharnscheidt  (1963)  (6),  Unterharnscheidt  and  Sellier  (1963)  (7),  Unterharnscheidt 
and  Higgins  (1969)  (8,  9,  10),  Unterharnscheidt  and  Ripperger  (1970)  (11),  Dohrmann 
(1972)  (12),  Ducker  (1976)  (13),  Goodkin  (1976)  (14),  Osterholm  (1974,  1978)  (15,  16). 

A  detailed  discussion  of  the  existing  literature  concerning  animal  experiments  will  be 
given  by  Unterharnscheidt  elsewhere. 

In  discussing  the  application  of  whole  body  -Gx  impact  acceleration  exposures  to 
Rhesus  monkeys  the  findings  presented  in  the  following  papers  must  be  considered  in 
detail:  (Stapp  1951)  (17,  18),  Unterharnscheidt  (1958,  1963)  (19,  6),  Unterharnscheidt 

and  Higgins  (1969)  (8,  9,  10),  Friede  (1960,  1961)  (2,  3,  4),  Clarke  et  al.  (1970,  1971, 
1972)  (20,  21,  22,  23),  Osterholm  (1974,  1978)  (15,  16),  Ewing  and  Unterharnscheidt 
(1976)  (25),  Unterharnscheidt  and  Ewing  (1978)  (26),  Alderman  et  al .  (1980)  (24). 

Present  Study 

The  present  study  reports  on  a  carefully  controlled  series  of  experiments  with 
whole  body  -Gx  impact  acceleration  exposure s  of  Rhesus  monkeys  with  completely  re¬ 
strained  torso  but  unrestrained  head  and  neck.  That  is,  the  animal  is  accelerated  with 
the  unrestrained  head  and  neck  undergoing  flexion.  Thus,  impact  acceleration  is  trans¬ 
mitted  from  the  sled  to  the  torso  by  the  restraint  system,  and  then  via  the  vertebral 
column  to  the  head. 

The  only  previous  animal  experiments  using  the  same  vector  direction,  -Gx,  were 
carried  out  by  Clarke  et  al .  (1970,  1971,  1972)  (20,  21,  22,  23)  with  baboons.  These 
authors  in  a  series  of  experiments  investigated  tolerance  to  abrupt  linear  deceleration 
(-Gx)  and  the  subiect  interaction  of  baboons,  using  different  restraint  systems.  In  the 
first  series  of  experiments,  restraints  used  were  the  Air  Force  shoulder  harness- 
lap  belt;  in  the  second  series,  a  lap  belt  only;  and  in  the  third  series,  an  air  bag 
plus  lap  belt  and  also  air  bag  only. 

METHOD 


A  225,000  Pound  Thrust  Horizontal  Accelerator  with  sled,  control  console  and  en¬ 
closed  environmentally  controlled  700-foot  track  at  the  Naval  Biodynamics  Laboratory, 
New  Orleans,  Louisiana,  was  used.  This  can  impart  up  to  200  G  to  the  lightweight 
primate  sled  for  durations  of  up  to  90  milliseconds  (ms) . 


The  Inertial  Data  Acquisition  System  samples  24  channels  of  inertial  data  at  2000 
samples/sec/channel ,  digitises  it,  and  stores  the  digitised  data  in  magnetic  discs  in 
real  time.  After  the  experiment,  the  digitised  data  are  scaled  in  the  computer  using 
calibration  data  resident  therein.  A  digital  tape  is  then  made  of  the  scaled  digitised 
data  for  further  analysis. 


The  Physiological  Data  Acquisition  System  is  designed  to  acquire  ECG,  EEG  and 
somatosensory  evoked  potential  for  16  channels  via  FM/FM  telemetry.  The  ECG  band  width 
is  1.0  Hs  to  100  Hs  ;  the  EEG  band  width  is  1.0  Hs  to  100  Hr. 

The  somatosensory  evoked  potential  band  width  is  30.0  Hs  to  1500  Hs. 


The  Photographic  Data  Acquisition  System  includes  sled  and  laboratory  mounted 
cameras,  lights  and  control  console,  as  well  as  phototarget  design  which  is  necessary 
for  obtaining  precise  three-dimensional  photographic  displacement  data  of  primate  kine¬ 
matic  response  A  complete  description  is  published  elsewhere  (Becker,  1975)  (27). 

The  Transducer  Hour  ting.  System  which  was  developed  for  primates  permits  precise 
determination  of  linear  and  angular  acceleration,  velocity  and  displacement  at  the 
mounting  site.  Transformation  of  the  data  to  coordinate  systems  fixed  in  the  anatomy  is 
accomplished  using  the  results  of  biplanar  x-ray  anthropometry  which  measures  the  precise 
three  dimensional  spatial  position  of  the  instrumentation  coordinate  system  relative  to 
the  head  anatomical  coordinate  system  (Becker,  1977)  (28).  The  head  acceleration  was 
measured  by  a  rigidly  mounted  array  of  six  linear  accelerometers  locked  to  an  implanted 
pedestal  bolted  to  the  calvarium  capable  of  measuring  angular  and  linear  acceleration 
and  velocity  in  three  dimensions  (Ewing  and  Thomas,  1972  (29);  Becker  and  Willems,  1975 
(30) :  Willems,  1977  (31)). 

Sled  acceleration  was  also  measured. 

Two  different  types  of  restraint  systems  were  used:  a  rigid  molded  one  and  a  harness 
vest.  There  seems  to  be  no  difference  in  the  lesions  produced,  since  the  head  and  neck 
kinematic  response  is  not  markedly  altered. 
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Experimental  P rocedures 

Twenty-eig'nt  Rhesus  monkeys  were  subjected  to  a  total  of  93  runs  with  sled  ac¬ 
celerations  ranging  from  5.2  G  to  162.8  G  in  the  -Gx  vector.  Twenty  animals  were  run 
repeatedly  until  acutely  fatal  injury  occurred.  Eight  animals  were  run  only  once  in 
order  to  avoid  possible  cumulative  effects  of  multiple  runs.  The  results  of  the  in¬ 
jurious  run  or  the  solitary  run  for  the  animals  run  once  are  listed  in  Tables  1  and  2. 

The  surviving  animals  were  sacrificed  after  different  survival  times.  One  of  these 
animals  was  so  severely  injured  (the  sled  acceleration  was  123.0  G)  that  it  had  to  be 
euthanized  in  a  moribund  state  90  hours  after  the  run.  It  was  determined  that  this  was 
a  threshold  case  of  medullo-cervical  injury  without  subluxation. 

Before,  during,  and  after  the  acceleration,  epidural  EEG  interlaced  with  somato¬ 
sensory  evoked  potential,  and  ECG  were  recorded.  Non-fatal  runs  were  followed 
periodically  with  these  neurophysiological  recordings.  These  data  will  be  reported 
separately  (Berger  and  Weiss,  1982  (32);  Saltzberg  et  al.,  1982  (33);  Sances  et  al., 

1982  (34,  35)).  The  ultimate  limit  for  primate  survival  to  -Gx  impact  acceleration  for 
circumstances  in  which  the  head  and  neck  are  unrestrained  is  due  to  failure  of  the 
head-neck  junction.  The  anatomical  details,  the  threshold  of  injury  and  the  mechanisms 
of  injury  were  determined  for  Rhesus  monkeys  by  Thomas  and  Jessop  (1982)  (36). 

Pre-  and  post-run  x-rays  of  the  entire  spine  were  performed. 

Maintenance  and  utilization  of  the  primates  was  under  the  direct  control  of  a 
specialist  in  laboratory  animal  medicine  who  will  report  the  clinical  findings 
separately  ( 36 ) . 

Autopsy  Procedures 

The  following  standardized  autopsy  method  is  used  for  examining  -Gx  monkeys: 

The  veterinary  pathologist  first  performs  a  general  autopsy.  After  evisceration, 
the  torso  is  dismembered.  The  neuropathology  portion  of  the  autopsy  is  then  begun  by 
removing  and  opening  the  underlying  muscles  and  opening  the  skull  in  a  horizontal  plane. 
Than,  the  implanted  instrumentation  pedestal  is  removed  using  a  rongeur. 

The  number  and  location  of  the  epidural  electrodes  used  for  recording  the  EEG  and 
the  macroscopic  location  of  intracerebral  electrodes  are  determined  and  described. 

At  this  point,  the  removal  of  the  brain  is  interrupted  and  preparation  begun  for 
removal  of  the  entire  brain  and  spinal  cord  from  the  dorsal  aspect. 

The  opening  of  the  spinal  column  is  achieved  by  a  dorsal  approach,  with  the  cadaver 
in  the  prone  position.  The  lordosis  of  the  spinal  column  is  compensated  using  a  wooden 
block.  After  dissecting  the  skin,  a  deep  incision  is  made  extending  from  the  external 
occipital  protuberance  along  the  spinous  processi  to  the  middle  of  the  sacral  bone.  The 
subcutaneous  tissue  and  the  paravertebral  muscles  are  bilaterally  removed  from  the 
underlying  bony  structures.  The  entire  bony  spine  is  exposed  laterally  to  the  lateral 
processi.  Using  a  rongeur,  the  spinous  processi,  the  dorsal  half  of  the  spinal  arcs  and 
the  lateral  processi  of  the  sacral,  lumbar,  thoraxic  and  cervical  segments  are  removed. 
Only  segments  Cl  and  C2  as  a  whole  are  left  untouched,  to  be  removed  later  from  the 
entire  cervical  spine  for  examination  of  the  ligaments,  bones,  discs,  and  vessels  at  the 
atlanto-occipital  junction  (Compare  Fig.  8A). 

At  this  point,  the  removal  of  the  spinal  cord  is  interrupted  and  the  entire  speci¬ 
men  with  brain  and  spinal  cord  in  situ  is  fixed  in  a  10%  solution  of  formalin  for  10 
days.  The  formalin  is  changed  on  the  second  day. 

After  complete  fixation,  the  exposure  and  removal  of  the  brain  are  continued.  The 
base  of  the  skull  is  gradually  removed  with  a  rongeur  until  the  entire  brain  is  exposed. 
After  the  cranial  nerves  have  been  dissected,  the  entire  brain  with  the  surrounding  dura 
mater  is  removed. 

The  remaining  parts  of  the  base  of  the  skull  and  anterior  and  lateral  parts  of  the 
neck  are  then  removed  in  toto.  Both  cranial  ends  of  the  internal  carotid  arteries  are 
identified  and  then  the  area  from  proximal  to  distal  exposed,  downward  to  the  carotid 
bi furcat ion . 

The  dorsal  and  ventral  roots  of  each  spinal  cord  segment  are  now  carefully  cut.  The 
preparation  begins  at  the  cauda  equina  and  proceeds  upwards  to  the  cervical  area.  The 
removal  of  the  last  region  of  Cl  and  C2  is  established  by  careful  dissection  of  the 
posterior  and  ventral  roots  in  the  intact  spinal  canal.  This  procedure  is  very  sensi¬ 
tive,  since  this  area  must  be  left  intact  for  further  study  of  expected  traumatic 
lesions  of  the  bony  and  ligamentous  structures  in  the  upper  third  of  the  cervical  area 
and  the  atlanto-occipital  junction. 

After  dissecting  the  uppermost  dorsal  and  ventral  spinal  roots,  the  spinal  cord 
with  surrounding  spinal  dura  mater  is  pulled  from  the  spinal  canal.  It  is  only  at  this 
time  that  it  can  be  determined  whether  the  upper  cervical  spinal  cord  suffered  a  com¬ 
plete  traumatic  separation  from  the  lower  medulla  oblongata,  or  not.  In  the  latter 
case,  brain  and  spinal  cord  are  removed  en  bloc. 
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Brain  and  spinal  cord  are  photographed  in  color  as  well  as  black  and  white  at  the 
end  of  the  procedure. 

In  some  instances,  the  entire  specimen  is  cut  in  the  mid-sagittal  using  a  band  saw. 
This  procedure  allows  an  excellent  analysis  of  the  location  and  degree  of  traumatic 
lesions  of  all  involved  structures  since  they  are  left  in  situ  and  can  be  examined  and 
analyzed  step  by  step  (Compare  Fig.  2-3). 

It  must  be  mentioned  that  it  is  impossible  to  give  a  thorough  description  of  all 
lesions  of  the  CNS  on  the  one  hand  and  the  surrounding  tissues  of  the  cervical  spine, 
like  muscles,  ligaments,  bones  and  discs  on  the  other  hand.  In  order  to  remove  the  CNS 
for  histological  evaluation,  a  certain  part  of  the  surrounding  structures  must  neces¬ 
sarily  be  destroyed.  In  general,  a  preference  was  given  to  the  preservation  of  the  CNS 
to  achieve  a  more  thorough  insight  into  the  traumatic  lesions  of  these  structures. 

In  further  experiments,  maceration  techniques  are  planned  in  order  to  enhance  our 
existing  knowledge  about  the  traumatic  lesions  of  the  bony  structures  and  ligaments. 

Embedd ing  and  Staining  Techniques 

A  Spielmeyer  assortment  of  tissue  blocks  for  histologic  examination  is  prepared. 

The  following  areas  of  brain  and  spinal  cord  are  cut  from  each  monkey  for  embedding  in 
paraplast  and  celloidin:  the  frontal-,  parietal-,  and  occipital  lobes,  the  temporal  lobe 
with  the  hippocampus  formation;  an  entire  cerebral  hemisphere  with  basal  ganglia,  the 
mid-brain,  pons,  medulla  oblongata,  pituitary,  the  vermis  cerebelli  and  cerebellar 
hemispheres,  and  each  segment  of  the  cervical,  the  thoracic,  the  lumbar,  and  the  sacral 
spinal  cord  (using  horizontal  or  coronal  sections)  and  the  cauda  equina. 

Longitudinal  sections  of  the  lower  medulla  and  cervical  region  extending  to  C2  were 
cut  from  a  number  of  animals  which  showed  no  traumatic  transection  between  lower  medulla 
and  upper  cervical  spinal  cord.  Using  this  technique,  a  block  was  cut  extending  from 
the  posterior  part  of  the  fourth  ventricle  extending  to  the  second  cervical  f  jment. 

This  block  was  then  cut  in  the  midline  (starting  at  the  ventral  fissure)  using  both 
halves  for  histological  sections. 

Embedding  of  the  spinal  cord  in  paraffin  is  preferable  to  celloidin  methods  from  a 
staining  aspect,  because,  besides  the  standard  staining  techniques  as  Hematoxylin-Eosin 
and  Cresylviolet  (Nissl) ,  additional  techniques  like  the  myelin  method  by  Heidenhain- 
Woelcke,  axis  cylinder  methods  by  Palmgreen  or  Bodian,  and  Trichrom  techniques  by  Masson, 
Mallory,  Goldner,  or  Van  Gieson  can  be  performed.  If  the  specimen  is  embedded  and 
dehydrated  slowly  an  uneven  shrinkage  can  be  avoided.  But  in  the  presence  of  larger 
hemorrhages,  an  embedding  in  celloidin  is  preferable  because  breaks  and  folds  which 
appear  in  paraffin  do  not  occur. 

It  is  recommended  that  longitudinal  sections  be  made  at  least  in  a  part  of  the 
specimens;  these  longitudinal  sections  of  the  spinal  cord  according  to  Bodechtel,  KrUcke, 
Stochdorph  and  our  own  experience  generally  reveal  a  better  picture  of  the  extent  of 
lesions  in  disseminated  processes  and  allow  the  di f f erentation  of  focal  from  funicular 
lesions . 

In  this  paper,  only  preliminary  histopathological  findings  are  presented.  Only 
those  histological  specimens  which  were  embedded  in  paraplast  were  evaluated.  The 
specimens  embedded  in  celloidin  were  not  as  yet  available  for  this  evaluation  due  to  the 
longer  embedding  periods.  Therefore,  only  preliminary  conclusions  relating  to  neuro- 
histopathoiogy  can  be  drawn. 

RESULTS 

The  living  animals  subjected  to  -Gx  impact  acceleration  are  arranged  in  a  sequence 
starting  with  the  lowest  peak  sled  acceleration  continuing  to  the  highest  one  using 
always  the  peak  sled  acceleration  of  the  last  run  when  multiple  runs  were  performed  on  a 
single  animal.  For  details  compare  Tables  1  and  2. 

Summary  of  Findings:  Sled  Parameters,  Peak  Head  Parameters^  Radiological  and  Neuro- 
pathological  Findings  Due  to  Each  Run  and  Animal. Summary  of  Morphological  Findings: 

Twenty-eight  living  animals  were  subjected  to  a  total  of  93  runs  using  -Gx  acceleration. 
The  peak  sled  acceleration  ranged  from  5.2G  to  162. BG.  Twenty  animals  were  subjected  to 
multiple  runs,  and  8  to  single  runs  only.  The  number  of  runs  per  animal  in  the  group 
with  multiple  runs  varied  between  2  and  10. 

The  peak  sled  acceleration  in  the  group  of  animals  with  multiple  runs  was  normally 
highest  in  the  last  run  with  4  exceptions:  Animal  *  0761  was  subjected  to  peak  sled 
acceleration  of  98. 3G  in  an  earlier  run,  with  a  peak  sled  acceleration  of  21. 0G  in  the 
last  run,  the  only  one  subjected  to  a  much  higher  acceleration  in  an  earlier  run  than  in 
the  last  one;  unimal  ♦  8872  was  subjected  to  a  peak  sled  acceleration  of  44. 5G  in  an 
earlier  run,  with  a  peak  sled  acceleration  of  44. 3G  in  the  last  run:  animal  #  NA28  was 
subjected  to  a  peak  sled  acceleration  of  45. 0G  in  an  earlier  run,  with  a  peak  sled 
acceleration  of  44. 5G  in  the  last  run;  and  animal  8802  was  subjected  to  a  peak  sled 
acceleration  of  64 . 3G  in  an  earlier  run,  with  a  peak  sled  acceleration  of  63. 7G  in  the 
last  run.  The  differences  in  the  peak  sled  acceleration  of  the  last  3  animals  in  earlier 
runs  as  compared  to  the  last  one  were  negligible. 
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The  results  of  these  experiments  can  be  expressed  in  terms  of  damage  to:  (a) 

Central  Nervous  System,  (b)  Vascular  System,  (c)  Skeletal  System,  and  (d)  Muscles , 

Bones  and  Ligaments . 

Traumatic  Alterations  of  the  Central  Nervous  System . 

Peak  sled  accelerations  ranging  from  5.2  -Gx  to  63.7  -Gx  did  not  produce  clinical 
or  pathomorphological  findings.  Especially,  they  did  not  produce  traumatic  transactions 
of  the  CNS  at  the  atlanto-occipital  function  and  between  lower  medulla  oblongata  and 
upper  cervical  spinal  cord. 

The  lowest  level  at  which  tissue  damage  occurred  was  78. 3G.  This  animal  (#0012) 
which  was  sacrificed  on  the  same  day,  and  which  did  not  reveal  any  abnormal  radiological 
findings,  showed  subarachnoid  hemorrhages  around  the  basilar  artery  and  both  vertebral 
arteries.  There  was  no  traumatic  transection  at  the  atlanto-occipital  iunction,  but  a 
local  indehtation  and  brownish  discoloration  of  the  tissue  at  the  ventral  fissure 
between  lower  medulla  oblongata  and  Cl  was  seen. 

The  histological  examination  of  the  specimen  revealed  recent  and  old  traumatic 
alterations  in  grey  and  white  matter.  Another  animal  (#8790)  (Figs.  1A-C)  which  was 
subjected  to  a  peak  sled  acceleration  of  87.9  G  showed  radiologically  an  incomplete 
traumatic  separation  at  C1/C2.  The  run  was  acutely  fatal;  there  existed  no  traumatic 
transection  but  a  local  indentation  and  brownish  discoloration  of  the  ventral  surface 
between  lower  medulla  and  upper  cervical  spinal  cord.  After  dissection  a  mostly 
centrally  located  hemorrhage  could  be  seen  in  the  cord. 

Another  animal,  subjected  to  a  peak  sled  acceleration  of  104.5  (#8863)  which  was 
sacrificed  on  the  12th  day,  revealed  no  discoloration,  but  a  decreased  consistency  of 
the  tissue  between  lower  medulla  oblongata  and  upper  cervical  spinal  cord  at  their 
ventral  aspect,  without  traumatic  transection  at  the  atlanto-occipital  junction. 

In  6  animals,  complete  traumatic  transections  between  lower  medulla  oblongata  and 
upper  cervical  spinal  cord  were  seen.  The  lowest  level  at  which  a  complete  traumatic 
tr_nt,ection  occurred  was  108. 7G  (#3921)  (Compare  Figs.  8B-C).  Further  complete 
traumatic  transections  occurred  at  peak  sled  accelerations  of  127. 4G  (#3923),  128. 2G 
(#4099),  131. 4G  (#3946),  158. 4G  (#3146),  and  162. 8G  (#3936)  (Figs.  2,  3). 

In  4  animals,  incomplete  traumatic  transections  were  seen  at  105. 3G  (#8866),  124. 2G 
(#0764),  126. 4G  (#4101),  and  130. 7G  (#3951). 

Complete  and  incomplete  traumatic  transections  were  found  in  10  animals  with  a  peak 
sled  acceleration  ranging  from  105. 3G  (#8866)  to  162. 8G  (* 3936). 

One  animal  (#3935)  subjected  to  a  peak  sled  acceleration  of  123. 0G  showed  severe 
clinical  findings  immediately  after  the  run.  This  animal  was  involved  in  another  high 
level  run  (105.5G)  on  the  same  day.  The  animal  was  moribund  and  had  to  be  sacrificed 
after  90  hours.  There  was  no  traumatic  transection,  but  marked  central  hemorrhagic 
necroses  bilaterally  were  found  in  the  spinal  cord  (Figs.  4A-E). 

In  the  group  of  animals  subjected  to  high  level  -Gx  acceleration,  3  revealed  no 
macroscopical ly  visible  CNS  tissue  damage:  animal  *3933  (108.6  G  peak  sled  ac¬ 
celeration);  animal  #3924  (110. 4G  peak  sled  acceleration);  and  animal  #4115,  (127. 3G 
peak  sled  acceleration)  which  was  acutely  fatal  due  to  a  b.  silar  skull  fracture.  Of  the 
the  15  animals  who  were  subjected  to  peak  sled  accelerations  of  more  than  100G,  12 
revealed  severe  traumatic  alterations.  In  the  remaining  three  cases,  macroscopic  traumatic 
lesions  were  excluded.  A  detailed  histologic  evaluation  is  underway.  The  findings  will 
be  reported  later. 

The  2  animals  who  survived  peak  sled  accelerations  of  more  than  100  G,  namely  #3933 
(108.6  G)  and  #3924  (110.4  G)  were  subjected  to  G  levels  which  were  near  the  threshold 
level . 

Pecik  sled  acceleration  levels,  with  the  restraint  conditions  stated  above  in  the 
-Gx  vector,  between  105  G  and  110  G  represent  the  threshold  rone  in  which  injuries  may 
or  may  not  occur . 

Peak  sled  accelerations  of  more  than  110.4  G  in  the  -Gx  vector  were  acutely  fatal 
and  regularly  produced,  with  one  exception,  incomplete  or  complete  traumatic  transec¬ 
tions  between  lower  medulla  oblongata  and  upper  cervical  spinal  cord. 

The  histological  examination  of  the  acutely  fatal  monkeys  revealed  multiple  hemor¬ 
rhages  in  the  direct  neighborhood  of  the  transected  area.  These  hemorrhage*  ran  be 
termed  primary  traumatic  or  rhectic.  They  occurred  at  the  moment  of  impact,  and  are  the 
result  of  ruptures  of  vessel  walls  due  to  the  mechanical  forces.  These  heme  rrhages  were 
usually  more  frequent  in  the  gray  substance,  but  they  occurred  in  the  white  substance, 
too.  These  multiple  petechial  hemorrhages  can  be  so  massive  that  they  can  form  a  larger 
hemorrhage  due  to  confluence  of  the  multiple  smaller  ones.  In  general,  those  hemor¬ 
rhages  were  seen  only  in  the  direct  vicinity  of  the  transected  area.  In  same  animals, 
however,  they  extended  proximal ly  into  the  upper  medulla  oblongata,  the  pons  and  raid- 
brain,  and  uistally  into  lower  cervical  and  upper  thoracic  segments.  They  decreased  in 
size  and  number  the  more  distant  they  were  from  the  transected  zone.  If  the  hemorrhages 
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were  located  in  the  white  substance,  these  primary  traumatic  hemorrhages  were  mainly 
located  near  the  ventral  and  only  rarely  near  the  dorsal  surface  of  medulla,  pons  and 
midbrain.  There  seemed  to  be  an  avulsion  of  vessels  at  or  near  the  ventral  surface  of 
the  described  anatomical  structures  due  to  overstretching.  In  one  case,  we  observed 
these  hemorrhages  at  the  base  of  the  temporal  lobe  in  the  hippocampus  formation. 

There  appears  to  exist  a  direct  relationship  between  the  severity  of  the  applied 
forces  and  the  severity  and  distribution  of  the  pathomorphological  findings.  The  higher 
the  mechanical  input  expressed  as  peak  sled  acceleration,  the  more  severe  are  the  hemor¬ 
rhages  and  the  larger  is  the  involved  area,  a  finding  which  has  been  observed  in  other 
animal  experiments  using  other  vector  directions. 

The  subdural  hemorrhages  of  the  spinal'  cord  seen  in  the  animals  with  incomplete  and 
complete  traumatic  transections  are  large,  and  normally  cover  the  ventral  and  dorsal 
aspects  of  the  spinal  cord  (Compare  Figs.  8C-E)  and  extend  in  some  instances  into  the 
cauda  equina.  They  are  the  result  of  the  rupture  of  both  vertebral  arteries  and  the 
anterior  spinal  artery.  The  hemorrhage,  therefore,  extends  from  proximal  to  distal,  in 
some  cases  into  the  cauda  equina. 

The  pituitary  gland  revealed  no  hemorrhages,  either  macroscopical ly  or  micro¬ 
scopically  in  any  of  the  animals  tested.  The  stalk  was  intact  and  showed  no  traumatic 
disruption.  Subarachnoid  and  subdural  hemorrhages  at  the  base  of  the  infundibulum  were 
the  result  of  disruption  of  the  vertebral  arteries  extending  forward  at  the  base  of  the 
brain  and  skull. 

Traumatic  alterations  of  the  Vascular  System 

At  peak  sled  accelerations  of  more  than  110  0,  incomplete  and  complete  traumatic 
transections  normally  occurred  between  lower  medulla  oblongata  and  upper  cervical  spinal 
cord.  Above  127.3  G,  these  transections  occurred  regularly.  Both  vertebral  arteries 
and  the  anterior  spinal  artery  were  ruptured  and  subsequent  subarachnoid  and  subdural 
hemorrhages  were  found  at  the  base  of  the  brain  and  around  the  spinal  cord,  extending 
into  different  levels,  in  some  cases  into  the  cauda  equina. 

There  are  two  subtypes  of  rupture  of  the  vertebral  arteries: 

(a)  The  more  frequent  iniury  was  that  in  which  both  vertebral  arteries,  and  in  a 
few  instances,  the  basilar  artery,  were  completely  avulsed  (Compare  Fig.  8B) . 

(b)  The  less  frequent  iniury  was  that  in  which  a  separation  of  the  vertebral 
arteries  occurred  immediately  above  the  foramen  magnum,  so  that  their  proximal  parts 
remained  intact  in  the  specimen  in  situ  (Compare  Fig.  9c) . 

In  this  second  type,  there  was  a  Cl  -  C2  subluxation  instead  of  an  atlanto- 
occipital  separation.  Since  the  cardiac  actions  in  these  traumatical ly  transected 
animals  continued  for  about  20  minutes,  relatively  large  hemorrhages  developed  which  in 
some  instances  became  space-occupying  lesions,  and  were,  therefore,  termed  hematomas. 

The  vertebral  artery  which  arises  commonly  from  the  subclavian  artery  has  four 
segments.  The  first  or  prevertebral  segment  ascends  posterosuper iorly  between  the 
longus  colli  and  anterior  scalene  muscles  to  enter  the  transverse  foramina  of  the 
cervical  spine  at  the  level  of  the  sixth  cervical  vertebra.  From  this  point  the  artery 
ascends  as  the  second  or  cervical  segment  through  the  transverse  foramina  to  become  the 
third  or  atlantic  segment  when  it  exits  from  the  transverse  foramen  of  the  atlas.  It 
then  passes  poster iorily  behind  the  articular  process  of  the  atlas,  lying  in  a  groove  on 
the  superior  surface  of  the  posterior  arch  of  the  atlas,  amt  enters  the  cranial  cavity, 
by  piercing  the  atlanto-occipital  membrane  and  the  dura  matjr  to  become  the  fourth, 
intracranial  or  intradural  segment.  This  segment  ascends  anteriority  and  laterally 
around  the  medulla  to  reach  the  raidline  at  the  pontomedul lary  junction,  where  it  unites 
with  the  vertebral  artery  of  the  opposite  side  to  form  the  basilar  artery  (Sheldon, 

1981)  (58). 

The  rupture  of  the  vertebral  arteries  occurs  at  the  pjint  where  they  pierce  the 
atlanto-occipital  membrane  and  dura  mater:  the  rupture  takes  place  between  the  third  and 
fourth  segment.  In  some  cases,  the  fourth,  intracranial  or  intradural  segment,  and  in  a 
few  instances,  the  basilar  artery,  were  completely  avulsed. 

Despite  peak  sled  accelerations  up  to  162.8  G,  no  rupture  of  a  carotid  artery  was 
observed.  Whether  traumatic  disruptions  of  the  carotid  arteries  occur  when  applying 
higher  acceleration  levels  will  be  studied  in  further  experiments.  The  fact  that  the 
carotid  arteries  remained  intact  and  patent  could  also  be  deduced  from  the  fact  that  in 
some  instances  subdural  hemorrhages  developed  over  both  cerebral  hemispheres  due  to 
ruptured  bridging  veins  (Figs.  9A-B) .  Since  the  cardiac  actions  of  the  animals 
with  a  compl e te  traumatic  cord  transection  continued  for  about  20  minutes,  a 
patent  vascular  system  of  the  area  supported  by  the  internil  carotlJ  artery  must  exist . 
Since  EEG  and  ECG  were  recorded  in  these  cases  with  the  developing  and  expanding  hemor¬ 
rhages,  interesting  insights  into  the  neurophysiological  aspects  can  be  expected  from 
further  data  analysis. 
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Traumatic  Alterations  of  the  Skeletal  System 


An  exact  analysis  of  the  status  of  the  ruptured  ligaments  of  the  atlanto-occipital 
junction  in  a  Rhesus  monkey  is  very  difficult  due  to  the  small  anatomical  proportions. 
Furthermore,  in  order  to  achieve  a  thorough  knowledge  of  the  traumatic  alterations  of 
brain  and  spinal  cord,  some  structures  of  the  spine  and  their  ligaments  must  be  de¬ 
stroyed  in  order  to  remove  the  CNS . 

However,  a  careful  anatomical  dissection,  using  different  approaches,  allows  a 
quite  satisfying  description  and  quantification  of  the  resulting  traumatic  lesions.  It 
was  demonstrated  that  the  dura  mater  near  the  foramen  magnum  (the  area  where  the  cerebral 
dura  mater  is  transient  into  the  spinal  dura  mater)  was  partially  or  completely  dis¬ 
rupted  . 

Small  to  medium  sized  hemorrhages,  probably  due  to  tears  and  ruptures  of  muscles 
near  their  origin  at  the  posterior  margin  of  the  foramen  magnum  were  seen.  Larger 
hemorrhages  existed  at  the  anterior  margin  of  the  foramen  magnum.  The  hemorrhages 
extend  into  the  retropharyngeal  space  and  in  some  cases  into  the  nasopharynx.  This  was 
clearly  demonstrated  by  sectioning  entire  specimens  of  head  and  spine  with  the  spinal 
cord  in  situ  in  the  sagittal  plane  using  a  band  saw  (Compare  Figs.  2-3). 

Data  concerning  the  ligamentous  structures  of  the  atlanto-occipital  junction  in  10 
kg  Rhesus  monkeys  are  almost  non-existent.  They  are  not  mentioned  at  all  in  the  atlas 
and  dissection  manual  of  the  Rhesus  monkey  presented  by  Berringer  et  al .  (1968)  (37), 
and  are  only  briefly  mentioned  in  the  Anatomy  of  the  Rhesus  Monkey  edited  by  Hartman  and 
Strauss  (1965)  (38). 

The  membrana  tectoria  and  posterior  longitudinal  ligament  normally  remained  intact, 
but  were  completely  disrupted  in  single  cases.  But  after  removing  these  structures,  it 
became  evident  that  the  transverse  and  the  proximal  parts  of  the  cruciate  ligament  were 
ruptured.  This  led  to  indentations  of  the  odontoid  process  of  the  axis  onto  a  circum¬ 
scribed  area  of  the  ventral  portion  of  the  lower  medulla  oblongata,  a  lesion  which  was 
demonstrated  macro scopical ly  and  microscopically  and  which  was  in  some  cases  survivable 
as  monkeys  #0012  and  #8863  show.  Fractures  of  the  odontoid  process  were  not  observed, 
but  we  did  not  utilize  up-to-date  maceration  techniques. 

Yet,  the  complete  traumatic  transection  of  the  spinal  cord  between  lower  medulla 
oblongata  and  upper  cervical  spinal  cord  cannot  be  explained  by  the  odontoid  process 
alone.  A  complex  mechanism  consisting  of  stretching,  compression,  and  shearing  at  the 
region  of  the  atlanto-occipital  function  occurs,  combined  with  rotation  of  the  head  on 
the  neck  and  the  neck  on  the  torso.  A  detailed  analysis  of  the  mechanics  of  transection 
of  the  cord  is  presented  below. 

DISCUSSION 

A  complete  traumatic  transection  of  the  spinal  cord  after  applying  -Gx  impact 
vector  acceleration  caused  hemorrhages  mainly  in  the  qrey  substance  but  to  a  lesser 
degree  in  the  white  matter.  They  are  the  result  of  rupture  of  blood  vessels  of  the 
spinal  cord  due  to  overstretching  in  the  zone  of  maximum  stretch.  They  can  be  termed 
rhectic  and  therefore  primary-traumatic,  and  occur  at  the  moment  of  maximum  load. 

In  an  incomplete  traumatic  transection,  the  grey  substance  was  more  affected,  and 
the  hemorrhages  were  more  frequent  and  larger  than  in  the  white  matter. 

Furthermore,  at  sled  peak  acceleration  levels  low  enough  that  neither  complete  nor 
incomplete  transections  occurred,  a  local  indentation  was  seen  at  the  ventral 
fissure  apparently  caused  by  direct  Impact  oT  the  tip  of  the  odontoid  process  (Compare 
Fig.  1CTT This  local  ind entation  generally  produced  acute  traumatic  alterations  only  in 
the  ventral  or  anterior  fasciculi.  Upon  these  immediate  traumatic  lesions  are  super¬ 
imposed  another  traumatic  alteration  which  devel-  «d  only  after  an  interval,  but  which 
also  were  due  to  the  same  impact  o:  the  odontoid  process  on  the  cord.  This  latter 
alteration  consisted  of  lesions  in  the  grey  subst’ince  which  led  to  what  may  be  termed 
progressive  central  hemorrhagic  necrosis  (Compare  Figs.  4A-E ) .  Since  these  traumatic 
alterations  become  visible  only  after  an  interval  of  at  least  hours,  they  must  be  termed 
secondary  traumatic. 

In  order  to  interpret  the  pathogenesis  of  these  typical  and  reproducible  lesions 
(progressive  central  hemorrhagic  necrosis)  one  must  compare  them  with  very  similar 
alterations  produced  by  Osterholm  (1978)  (16).  He  found  using  Allen's  method  ( i 914 ) 

(39)  of  dropping  a  weight  on  the  posterior  fasciculi,  that  traumatic  central  hemorrhagic 
necrosis  could  be  produced,  affecting  mainly  the  grey  substance.  There  is,  in  our 
opinion,  no  doubt  that  the  same  type  of  lesion  could  be  produced  by  a  direct  application 
of  force  at  the  ventral  fasciculi  by  the  odontoid  process.  In  our  experiments,  the 
odontoid  process  appears  to  have  the  same  effect  as  the  dropping  weight  using  Allen's 
tube,  only  it  affects  different  tract  areas. 

The  analysis  of  the  specific  traumatic  lesions  caused  by  -Gx  impact  allows  an 
additional  analysis  of  the  injury  mechanisms. 

Analyzing  the  local  traumatic  alterations  at  the  area  of  the  atlanto-occipital 
iunction,  three  mechanisms  appear  to  occur  during  the  course  of  acceleration,  simul¬ 
taneously  or  consecutively:  (a)  compression  of  the  spinal  cord  at  the  ventral  aspect 
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between  lower  medulla  and  Cl  segment  which  leads,  in  some  speciments,  to  in¬ 
dentation  of  tissue  with  or  without  brownish  discoloration  or  flattening  of  the  specimen 
in  the  antero-posterior  diameter,  if  the  threshold  is  reached.  This  tissue  damage  i9 
located  at  the  region  of  the  cord  in  opposition  to  the  tip  of  the  odontoid  process  and 
is,  without  doubt,  caused  by  this  structure;  (b)  stretch  along  the  longitudinal  axis  of 
the  medulla  oblongata  and  upper  cervical  spinal  cord;  combined  with  fc)  a  gu il lotine 
action  between  anterior  and/or  posterior  rim  of  the  foramen  magnum  on  the  one  side  and 
the  anterior  arch  of  the  atlas  (with  the  directly  posterior  located  odontoid  process  of 
the  axis)  and  the  posterior  arch  of  the  atlas  on  the  other  side,  which  takes  place  as 
the  head  extends  on  the  neck  and  then  rotates  relative  to  the  neck.  This  results  in  a 
succession  of  tension  and  shear  forces  at  the  head  neck  junction.  Failure  or  subluxation 
of  structures  at  the  head  neck  junction  results  in  incomplete  or  complete  traumatic 
transection  of  the  cord  tissue. 

Looking  at  normal  and  transected  specimens  cut  in  the  mid-sagittal  plane,  and 
magnifying  them,  it  can  be  seen  that  the  odontoid  process  is  located  directly  posterior 
to  the  anterior  arch  of  the  atlas  (Figs.  5-7).  In  some  specimens,  its  tip  extends 
several  millimeters  above  the  highest  part  of  the  anterior  arch  of  the  atlas. 

Comparison  of  NBDL  Findings  to  Clarke  et  al .Experiments 

The  only  previous  animal  experiments  using  the  same  vector  direction,  -Gx,  were 
carried  out  by  Clarke  et  al .  (1970,  1971,  1972)  (20,  21,  22,  23)  with  baboons.  These 
authors  in  a  series  of  experiments  investigated  tolerance  to  abrupt  linear  deceleration 
(-Gx)  and  the  subject  interaction  of  baboons,  using  different  restraint  systems.  In  the 
first  series  of  experiments,  restraints  used  were  the  Air  Force  shoulder  harness- 
lap  belt;  in  the  second  series,  a  lap  belt  only;  and  in  the  third  series,  an  air  bag 
plus  lap  belt  and  also  air  bag  only. 

In  the  first  series  of  experiments,  89  deceleration  tests  were  performed  with  37 
adult  male  baboons.  LD50's  were  calculated  to  be  102,  103,  and  98  g  for  the  0.5  ft 
(0.15  m) ,  the  2.0  ft  (0.61  m) ,  and  the  3.5  ft  (1.07  m)  stopping  distances,  respectively. 
Since  the  deceleration  pulses  were  similar,  the  authors  concluded  that  for  the  exposure 
range  of  these  tests,  impact  lethality  is  dependent  upon  the  magnitude  of  peak  sled 
deceleration,  irrespective  of  the  pulse  duration,  sled  velocity,  or  stopping  distance. 

At  all  stopping  distances,  the  primary  cause  of  death  was  lower  brain  stem  or  cervical 
spinal  cord  trauma.  The  pelvic,  abdominal,  and  thoracic  injury  patterns  were  sig¬ 
nificantly  different  at  the  various  stopping  distances.  Animals  impacted  at  the  0.5  ft 
(0.15  m)  stop  typically  displayed  no  significant  injuries  other  than  head-neck  trauma. 
Pelvic  and  abdominal  trauma  were  nonexistent.  Most  of  the  significant  injuries  other 
than  to  the  CNS  were  directly  attributable  to  the  torso  portion  of  the  restraint.  These 
injuries  included  hemorrhage  of  thoracic  musculature  and  myocardial  contusion. 

The  predominant  ini  ries  at  the  2.0  ft  (0.61  m)  stop  included  pelvic  fractures  and 
abdominal  myorrhexis,  intestinal  herniation,  urinary  bladder  rupture,  and  pelvic  fractures 
in  addition  to  luxation  of  cervical  and  thoracic  vertebrae.  Again,  the  torso  straps  of 
the  harness  were  primarily  instrumental  in  producing  the  most  life-threatening  trauma 
except  that  to  the  CNS.  These  injuries  included  costal,  clavicular,  and  scapular  fractures 
plus  luxation  of  cervical  through  thoracic  vertebrae. 

At  the  3.5  ft  (1.07  m)  atop,  the  pelvic  and  abdominal  injury  patterns  were  similar 
to  those  at  the  2.0  ft  (0.61  m)  stop  but  compounded  in  severity.  There  was  a  high 
incidence  of  transection  of  the  descending  colon  and  musculature  or  blood  vessels  in  the 
axillary  and  cervical  regions.  Brain  stem  hemorrhage  was  a  significant  finding  but 
there  was  no  evidence  of  luxation  or  fracture  of  cervical  vertebrae. 

Clarke  et  al . ,  commented  that  although  the  reported  injuries  were  produced  directly 
or  indirectly  by  the  safety  restraint,  its  disuse  would  have  resulted  in  comparable  or 
more  severe  injuries  at  substantially  lower  sled  decelerations  as  shown  in  the  experi¬ 
ment  using  a  lap  belt  restraint  only. 

The  comparison  of  our  pathomorphological  findings  with  those  of  Clarke  et  al .  in 
their  first  series  of  experiments,  showed  that  the  traumatic  transection  of  the  spinal 
cord  of  Rhesus  monkeys  and  t>aboons  occur  at  approximately  the  same  acceleration  thres¬ 
holds  . 

In  our  experiments,  the  incomplete  and  complete  traumatic  transactions  were  seen 
regularly  at  the  level  between  lower  medulla  oblonqata  and  Cl.  Furthermore,  the  area 
where  the  indentations  in  the  tissue  occur,  near  the  ventral  fissure  of  the  upper  cervical 
spinal  cord,  was  in  all  instances  exactly  the  same. 

In  the  experiments  of  Clarke  et  al.,  the  traumatic  transection  occurred  usually  at 
Cl.  but  in  many  instances  transections  were  seen  at  more  proximal  regions,  i.e.,  in  the 
brain  stem,  and  at  more  distal  regions,  i.e.,  the  thoracic  and  lumbar  spinal  cord. 

In  our  experiments,  the  only  radiologic  findings  consisted  of  atlanto-occipital 
siparation,  C1/C2  separation,  and  basilar  skull  fractures.  The  remaining  parts  of  the 
skull,  the  spinal  column  and  the  other  bony  structures  of  the  body  revealed  normal 
findings. 
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The  experiments  of  Clarke  et  al . ,  revealed  several  cases  of  avulsion  of  the  atlanto- 
occipital  articulation,  which  appear  to  be  very  similar  to  our  findings  which  we  termed 
atlanto-occipital  separation.  But  Clarke  et  al .  found  many  additional  fractures  and 
luxations  in  other  anatomical  structures  in  different  regions  which  we  did  not  see. 

They  did  describe  an  avulsion  of  the  basilar  portion  of  the  occipital  bone.  However, 
other  injuries  which  we  did  not  see  included  luxations  and  fractures  of  the  cervical  and 
thoracic  vertebrae  and  spinous  processes,  luxations  of  the  lumbar  spine,  avulsion  of  the 
odontoid  process,  fracture  of  the  body  of  the  mandible,  fractures  of  clavicles,  ribs, 
scapulae  and  sternum,  luxation  of  the  sternum,  comminuted  fractures  of  the  iliac  crests 
and  fossae,  and  transverse  fractures  oe  the  body  of  the  sacrum. 

We  found  no  noteworthy  cutaneous  harness  abrasions  and  contusions  while  Clarke  et 
al.  found  that  these  traumatic  lesions  were  quite  severe  and  frequent. 

It  is  remarkable  that  in  our  experiments,  in  none  of  the  high  level  Rhesus  ex¬ 
posures  did  any  vertebral  fractures  occur.  There  were  no  significant  injuries  to  the 
intraabdominal  organs  as  liver,  spleen,  or  intestine;  no  intrathoracic  iniuries,  and  no 
fractures  of  the  extremities.  Yet,  these  types  of  iniuries  are  usually  the  only  ones 
looked  for  in  cadaveric  testing.  All  injuries  in  our  studies  were  limited  to  the  liga¬ 
mentous  structures  of  the  atlanto-occipital  iunction  or  the  CI-C2  ■’unction,  the  CHS  and 
in  a  few  cases,  to  the  skull.  These  morphological  findings  have  many  implications  for 
protective  equipment  design. 

A  comparison  of  the  traumatic  histologic  alterations  of  both  groups  cannot  be 
presented  since  Clarke  et  al .  did  not  publish  histological  findings.  Also,  they 
presented  no  discussion  of  the  state  of  the  different  ligaments  at  the  atlanto-occipital 
junction . 

Analyzing  the  traumatic  lesions,  one  can  group  them  in:  (1)  impact  vector  specific 
and  (2)  supplementary  or  accidental  alterations.  In  the  first  group,  traumatic  altera¬ 
tions  are  the  direct  result  of  the  inertial  forces ;  the  second  group  of  lesions  are  the 
result  of  irisuff icient  protective  or  precautionary  measures  caused  by  inadequate  pro- 
t  ec  t  fve_  ays  terns  . 

Since  a  plethora  of  inertial  data  and  corresponding  morphological  findings  is 
available  for  each  increment  of  peak  sled  acceleration  in  a  given  vector  direction  in 
our  studies,  the  thresholds  for  functional  disorders,  reversible  and  irreversible  tissue 
alterations,  and  death  can  be  clearly  defined  and  quantified. 

The  species- specific  traumatic  alterations  using  Rhesus  monkeys  are  in  our  opinion 
convertible  to  human  pathomorphology. 

Comparison  of  -Ox  Neuropathology  with  HAD- I I  Pathomorphology 

A  comparison  of  the  traumatic  spinal  cord  lesions  of  the  animals  subjected  to  -Gx 
indirect  impact  accelerations  and  those  involved  in  direct  impact  with  nondeforming 
angular  acceleration  of  the  head  using  Head  Acceleration  Device THAD-I I ) 

Tunterharnscherdt  and  Higgins,  1969)  (3 ,  9 ,  10)  reveals  different  injury  patterns. 

The  squirrel  monkeys  involved  in  direct  non-de forming  angular  acceleration 
of_ the  head  using  HAD-II  did  not  have  traumatic  transections  of  the  spinal  cord.  The 
three  highest  applied  angular  accelerations,  namely  327,000  rad/sec1,  363,000  rad/sec’ 
and  386,000  rad/sec>  were  acutely  fatal,  but  did  not  produce  traumatic  transections. 

Only  2  animala  showed  relative  small  subdural  hemorrhages  in  the  cauda  equina,  but  not 
in  other  parts  of  the  spinal  cord.  The  relationship  with  the  magnitude  of  angular 
acceleration  could  not  be  clearly  established. 

The  animals  involved  in  non-deforming  directly  applied  angular  acceleration  of  the 
head,  using  HAn-n,  always  showed,  with  a  few  exceptions,  small  rhectic  hemorrhages  in 
various  segments.  The  rhectic  hemorrhages  of  capillaries  and  small  veins  were  found 
more  disseminated  in  the  grey  substance.  These  rhectic  or  primary  traumatic  alterations 
in  the  spinal  cord  affected  the  cervical,  thoracic,  and  lumbo-sacral  regions.  The 
severity  of  these  traumatic  lesions,  too,  was  related  to  the  angular  acceleration  and 
increased  with  intensity.  The  correspondence  was  rot  as  obvious  as  it  was  with  the 
cerebrum,  cerebellum  and  brainstem.  These  spinal  cord  lesions  were  not  fatal,  and  the 
animals  showed,  indeed,  no  clinical  signs.  These  small  hemorrhages  were  difficult  to 
discern  when  stained  witn  the  Nisei  technique.  After  five  days  of  survival,  these 
animals  showed  very  little,  if  any,  mesodermal-glial  reaction,  unlike  the  more  severe 
rhectic  hemorrhages  in  the  cerebellum  and  cerebrum. 

Using  both  methods,  subdural  hemorrhages  of  the  brain  due  to  ruptured  bridging 
veins  could  be  produced.  These  subdural  nemorrhages  were,  however,  not  regular 
findings.  But  it  is  necessary  to  take  into  consideration  that  the  extent  of  applied 
impact  acceleration  ranged  from  very  low  intensities  which  produced  no  clinical  or 
pathomorphological  findings  to  lethal  intensities,  in  order  to  describe  the  entire 
continuum  of  possible  lesions.  However,  there  is  no  doubt  that  the  higher  the  peak  sled 
accelerations.-  the  more  frequently  suhdural  hemorrhages  could  be  found. 

The  animals  subjected  to  direct  non-de  forming  angular  acceleration  of  the  head 
using  HAD-II  revealed  intracerebral  lesions  in  some  cases.  Five  animals,  which  were 
exposed  to  the  lowest  rotational  accelerations  (101,000  to  150,000  rad/sec1 )  showed  no 
primary  or  secondary  traumatic  morphological  alterations  in  the  cerebrum.  These  were 
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present,  however,  in  10  of  13  animals  subjected  to  rotational  accelerations,  from  150,000 
to  197,000  rad/secJ.  The  findings  included  subarachnoid  hemorrhages  in  three  animals, 
combined  in  one  instance  with  primary  traumatic  hemorrhages  in  the  oculomotor  ne  ‘ve  and 
tears  and  avulsions,  largely  of  veins  and  capillaries  in  superficial  layers:  of  the 
cortex  in  eight  animals.  The  subarachnoid  hemorrhages  were  found  in  the  lower  range  of 
angular  acceleration,  while  the  lesions  in  the  cortex,  which  must  be  considered  the  more 
severe  lesions,  were  alwaysjseen  in  animals  exposed  to  the  higher  angular  accelerations 
(175,000  to  197,000  rad/sec  )  which  suffered  traumatic  lesions  in  the  cortex.  This  fact 
indicates  that  with  increasing  intensity  of  the  angular  acceleration,  the  primary  trau¬ 
matic  alterations  extended  from  the  periphery  to  central  portions  of  the  brain.  This 
change  in  the  pattern  of  distribution  of  lesions  was  predicted  and  foreseen  in  the 
analysis  of  injury  mechanics. 

The  highest  angular  accelerations  administered,  i.e.,  205,000  to  386,000  rad/secJ, 
caused  severe  traumatic  lesions  in  the  cerebral  cortex  in  four  of  six  monkeys,  and  in 
three  animals  with  intensities  of  327,000  rad/secJ  and  more,  additional  primary  trau¬ 
matic  lesions  in  the  white  substance  (located  even  closer  to  the  cortical  pivot). 

Angular  accelerations  of  more  than  300,000  rad/ sec 2  were  not  survived. 

The  histologic  examination  of  the  primary  traumatic  lesions  in  the  cerebral  cortex 
revealed  that  these  lesions  do  not  represent  so-called  cortical  contusions,  a  finding 
that  is  clearly  supported  by  photographs.  Rather,  they  represent  venorrhectic,  oc¬ 
casionally  capillo-  and  arter iorrhectic  hemorrhages,  located  predominantly  in  the  more 
superficial  layers  of  the  cerebral  cortex.  There  was  evidence  of  tearing  and  avulsion 
of  vessel  walls.  Also,  the  hemorrhages  consistently  followed  vessel  systems  running 
vertical  to  the  cortical  surface.  The  characteristic  pin  point  hemorrhages  in  a  more  or 
less  wedge  shaped  area  indicative  of  cortical  contusions  in  their  first  stage  were  not 
seen.  They  were  always  located  near  the  midline,  close  to  the  parasagittal  fissure  of 
the  cerebrum. 

Thus,  not  only  is  there  a  difference  in  quality  between  primary  traumatic  cortical 
hemorrhage  associated  with  directly  applied  angular  acceleration  and  the  so-called 
cortical  contusions  found  in  directly  transmitted  translational  trauma,  but  there  is 
also  a  difference  in  the  pattern  of  distribution  of  the  traumatic  cortical  lesions 
encountered  in  these  types  of  angular  and  translational  acceleration.  The  alterations 
due  to  directly  transmitted  angular  acceleration  were  located  close  to  the  midline,  not 
in  a  cylindrically  symmetric  pattern  but  radially  symmetric,  as  predicted  by  the  injury 
mechanics.  Ommaya  et  al .  (1968)  (59)  illustrated  similar  alterations  after  whiplash 
injuries  in  monkeys  and  described  them  as  cortical  contusions.  Histological  examination 
indicates  that  the  lesions  do  not  represent  the  typical  so-called  cortical  contusions, 
but  are  caused  by  tears  and  avulsions  of  vessels  in  superficial  layers  of  the  cortex 
which  in  turn  are  produced  by  the  relative  rotation  of  the  skull  against  the  (inert) 
brain.  These  findings  present,  in  our  opinion,  substantial  evidence  against  Holbourn’s 
concept  that  cortical  contusions  are  due  to  rotational  motion.  We  attribute  great 
importance  to  angular  acceleration,  in  such  cases  as  the  uppercut  in  boxing,  when 
tearing  of  bridging  veins  causes  subdural  hemorrhage.  But  we  also  advance  the  theory 
that  quality  and  distribution  of  lejnns  after  directly  transmitted  translatory  and 
directly  transmitted  angular  acce'iert,  .ions  are  essentially  different  when  all  the 
evidence  from  histological  examinations  is  brought  to  bear. 

Compari son _of_NBDL_-Gx  Neuropathology  with  Findings  of  Friede 

Friede  (1960,  1961)  (2,  3,  4)  studied  the  injury  mechanism  involved  when  the  head 
is  abruptly  displaced  with  respect  to  the  rest  of  the  body  in  a  series  of  well- 
controlled  animal  experiments  on  cats.  Symptoms  were  produced  in  two  ways:  (1)  the 
animals  were  given  a  controlled  blow  to  the  head  or  (2)  dropped  tail  first  into  a  hole 
in  the  floor  with  their  heads  supported  in  collars  and  their  bodies  allowed  to  hang 
free . 


Friede1  s  purpose  in  performing  these  experments  was  to  investigate  the  neuro- 
patholoqy  and  Mechanics  of  experimental  acceleration  concussion  in  cats. 

The  blow  accelerating  the  head  produced  an  abrupt  displacement  of  the  cranio¬ 
cervical  junction. 

Histologic  examination  of  the  central  nervous  system  of  trese  cats  revealed  typical 
lesions  of  neuron  loss  in  nuclei  of  the  brain  stem.  Chromatol vsis  and  loss  of  nerve 
cells  were  seen  in  the  reticular  formation,  lateral  vestibular  nucleus,  red  nucleus  and, 
less  often,  in  other  nuclei  of  the  brain  stem.  These  alterations  represented  an  obvious 
axonal  reaction  to  damage  of  large  fibers  in  the  cervical  region.  Motor  nuclei  of 
cranial  nerves  were  not  damaged. 

Of  greater  significance,  however,  was  the  demonstration  of  a  typical  fiber  lesion 
on  the  ventral  circumference  of  the  first  cervical  segment  of  the  spinal  cord.  This 
circumscribed  fiber  lesion  was  found  in  all  csta  with  symptoms  of  concussion.  Fiber 
damaqe  was  localised  in  a  conical  area  symmetrical  to  the  ventral  median  fissure  with 
apex  adjacent  to  the  center:  maximum  damage  was  seen  at  the  level  of  Cl,  grading  off 
rapidly  toward  the  medulla.  The  damage  was  primarily  localired  to  large  diameter  fibers, 
although  in  severe  lesions  fibers  of  medium  and  small  diameter  were  occasionally  damaged. 
Myelin  sheaths  of  the  thick  fibers  showed  degeneration  caudal  to  the  site  of  the  lesion. 
Sheaths  of  medium  thickness  fibers  were  less  affected,  showing  only  slight  irregulari¬ 
ties.  Sheaths  of  thin  fibers  were  not  damaged  even  if  immediately  ad  iacent  to  damaged 
large  fibers. 
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The  size  of  the  damaged  area  varied  with  the  severity  of  the  iniury. 

The  partial  coincidence  of  the  cervical  fiber  lesion  with  the  level  of  the  odontoid 
process  could,  as  Friede  (1961)  pointed  out,  be  interpreted:  (a)  since  the  odontoid 
process  is  the  most  prominent  structure  in  the  ventral  wall  of  the  cranio-cervical 
junction,  any  straining  of  the  cord  would  show  maximal  damage  at  this  point:  (b)  a 
subluxation  of  the  odontoid  process  could  contribute  actively  to  the  mechanics  of 
damage.  Friede  (1961)  summarized  his  findings:  "A  subluxatior.  of  the  odontoid  process 
possibly  contributes  to  aggravation  of  the  damage,  but  so  far  there  is  no  evidence  for  a 
critical  importance  of  this  mechanism." 

This  series  of  Friede’ s  experiments  indicated  that  the  basic  pathologic  lesion  of 
experimental  concussion  was  produced  by  a  stretching  of  the  cervical  cord  around  the 
odontoid  process.  Cervical  stretch  may  be  produced  by  a  sudden  blow  to  the  head  that 
displaces  the  head  with  respect  to  the  body.  The  symptomatology  of  direct  cervical 
stretch  was  indistinguishable  from  that  produced  by  a  blow  to  the  head.  The  primary 
pathology  of  experimental  concussion  should  be  regarded,  according  to  Friede,  as  damage 
to  large  fibers  in  the  ventral  surface  of  the  upper  cervical  cord  at  the  level  of  Cl. 
Changes  in  the  cell  structure  of  the  nuclei  of  the  brain  stem  were  secondary  to  the 
primary  fiber  lesion. 

Friede  (1961)  proposed  to  reserve  the  term  "experimental  acceleration  concussion , " 
for  the  specific  pathogenetic  syndrome  he  described  in  detafT.  He  considered  the  ques¬ 
tion  as  to  whether  the  lesion  at  Cl  could  be  interpreted  as  a  complicating  cord  injury 
or  whip-lash  injury  rather  than  cerebral  concussion.  However,  in  his  opinion,  the 
lesions  of  the  ventral  fasciculi  of  Cl  were  evidently  responsible  for  the  cellular 
changes  in  the  medulla  oblongata  attributed  to  concussion.  In  his  opinion,  there  was 
also  a  definite  relationship  between  histological  findings  and  the  generally  accepted 
symptomatology  of  concussion.  Furthermore,  the  threshold  forces  required  to  produce 
this  damage  are  in  the  same  order  as  those  reported  by  other  authors  for  concussion. 

Since  histological  damage  and  symptoms  changed  at  the  same  rate,  no  discrete  sympto¬ 
matology  was  left  to  distinguish  a  "true  cerebral"  concussion  from  the  syndrome 
described  by  Friede.  There  is,  therefore]  according  to  Friede,  no  reason  to  believe 
that  he  described  a  clinical  syndrome  different  in  any  way  from  the  "concussion"  of  the 
majority  of  physiological  experimenters.  Several  of  the  individual  findings,  such  as 
the  hemorrhages  in  the  cord  at  Cl,  have  been  observed  before  by  other  investigators 
(Denny-Brown  and  Russell,  1941  (40):  A.  Jakob,  1912  (41);  Peters,  1943  (42).  We  found 
and  described  similar  lesions  in  some  of  our  animal  experiments  applying  direct  trans¬ 
lational  (linear)  acceleration  (Unterharnscheidt,  1963)  (6). 

Friede  (1961)  discussed  further  the  relationship  of  “experimental  acceleration 
concussion"  and  clinical  "commotio  cerebri."  In  his  opinion,  this  question 
could  be  answered  only  by  human  neuropathology  and  it  is  difficult  to  answer,  indeed, 
since  commotio  cerebri  is  not  a  fatal  condition.  Routine  pathological  material  is  of 
little  value,  since  the  customary  dissection  of  brain  and  spinal  cord  invariably  destroys 
the  upper  cervical  region.  In  Friede's  opinion,  there  is  little  doubt,  however,  that 
this  syndrome  will  be  found  as  well  in  man. 

It  should  be  noted  that  in  Friede's  experiments,  complete  traumatic  transection 
between  lower  medulla  and  upper  cervical  spinal  cord  did  not  occur.  Probably  the  physical 
forces  used  were  not  high  enough  to  produce  a  complete  tissue  separation  in  the  cat.  It 
should  be  recalled  that  Friede  used  a  different  impact  vector  direction. 

The  traumatic  lesions  reported  by  Friede  are  unquestionably  intravital  .  They  are 
the  morphological  end  states  resulting  from  several  well  defined  mechanical  inputs  as 
described  above. 

The  area  of  tissue  damage  presented  by  Friede  is  practically  identical  with  that  in 
our  experiments.  Friede  found  the  area  of  maximum  damage  at  the  level  of  c  .  In  our 
experiments,  the  zone  of  maximum  damage  was  found  between  lower  medulla  andxthe  upper 
cervical  spinal  cord,  i.e.,  slightly  above  or  in  the  most  proximal  part  of  . 

In  addition,  the  area  involved  in  the  horizontal  plane  was  similar.  Friede  found 
the  maximum  damage  in  3  conical  area  symmetrical  to  the  ventral  median  fissure.  This 
was  seen  in  our  monkeys  also.  In  some  animals,  flattening  of  tissue  or  indentations  and 
sometimes  brownish  discoloration  of  the  tissue  could  be  observed. 

The  size  of  the  damaged  area  varied,  according  to  Friede,  with  the  severity  of  the 
injury.  In  severe  lesions  the  damage  extended  into  the  lateral  portion  of  the  ventral 
fasciculi.  The  dependence  of  the  size  of  the  traumatized  zone,  described  as  the  volume 
of  the  involved  area,  with  the  intensity  of  the  mechanical  input  was  evident.  We  clearly 
demonstrated,  that  with  increasing  peak  sled  acceleration,  the  damage  zone  extended  from 
ventral  to  dorsal,  in  general  only  barely  involving  the  dorsal  fasciculi,  and  extending 
proximal ly  and  distally  along  the  longitudinal  axis  of  the  medulla  oblongata  and  cervical 
spinal  cord.  With  increasing  peak  sled  accelerations,  we  found  incomplete  and,  ultimately, 
complete  spinal  cord  transections .  The  transection  of  the  spinal  cord  in  our  experiments 
may  have  been  due  to  the  guillotine  action  of  the  foramen  magnum,  not  just  to  acceleration 
alone.  Since  many  sled  and  head  acceleration  parameters  were  recorded  in  our  experiments, 
the  thresholds  for  tissue  damaga  and  tissue  transection,  may  be  determined  exactly, 
although  this  analysis  is  not  yet  complete. 
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Comparing  and  summarizing  the  findings  of  Friede  and  of  our  experiments,  there  are 
indeed  many  concordant,  but  some  discordant,  data.  In  addition  to  the  localized  fiber 
damage,  mainly  in  the  ventral  fasciculi,  we  were  able  to  detect  further  morphological 
data  in  our  monkeys.  In  some  animals,  quite  marked  central  hemorrhagic  necroses  in  the 
cord  were  observed.  These  centrally  located  hemorrhagic  necroses  could  be  seen  with 
only  minimal  or  no  damage  in  the  ventral  fasciculi.  It  is  quite  possible  that  thesfe 
very  typical  lesions  were  observed  because  of  the  different  vector  direction  end  the 
higher  intensities  applied. 

The  injury  mechanism  will  now  be  discussed.  Since  the  level  of  the  above  described 
traumatic  lesions  coincides  with  the  level  of  the  tip  of  the  odontoid  process  of  the 
axis,  the  occurrence  of  these  lesions  has  to  be  interpreted.  Friede 's  interpretation  oT 
th~  cause  of  the  occurrence  of  these  lesions  was  presented  above.  Indeed,  the  odontoid 
process  must  be  considered  the  anatomical  structure  which  is  most  prominent  in  the 
ventral  wall  of  the  cranio-cervical  or  atlanto-occipital  area.  This  can  be  clearly 
demonstrated  using  specimens  in  which  the  entire  monkey  is  cut  in  the  midsag ittal  plane. 
The  odontoid  process  is  located  in  the  precise  area  where  we  find  the  tissue  indentation 
and  discoloration  at  the  ventral  fissure  between  lov ;r  medulla  and  upper  cervical  spinal 
cord.  Ko  demonstrated  in  other  specimens,  where  the  spinal  cord  was  removed  using  the 
posterior  approach,  that  the  odontoid  process  was  protruding  beneath  the  intact  pos¬ 
terior  longitudinal  ligament.  Again,  this  protrusion  'jan  lead  to  indentations  and, 
therefore,  traumatic  lesions  of  the  area  between  lower  medulla  and  Cl  despite  the  fact 
that  the  posterior  longitudinal  ligament  is  intact  (Compare  Fig.  1A-B) .  But  after 
dissecting  this  ligament  and  folding  it  backward,  it  became  evident  to  us  that  the 
transverse  and  the  proximal  part  of  the  cruciate  and  the  apical  ligaments  were  ruptured. 

For  the  specific  pathogenic  syndrome  which  he  described  in  detail,  Friede  proposed 
to  reserve  the  term  "experimental  acceleration  concussion." 

It  is  important  to  draw  a  distinction  between  the  NBDL  experiments  and  those  of 
Friede.  His  purpose  was  to  investigate  experimental  cerebral  concussion  in  cats.  Ours 
was  to  investigate  injury  modes  and  mechanisms  in  the  Rhesus  monkey.  The  similarity  of 
neuropathological  findings  invite  comparison,  but  it  is  necessary  to  agree  upon  defini¬ 
tions  if  this  comparison  is  to  be  apt. 

Concussion  per  se  is  defined  as  a  morphologically  traceless,  at  least,  using  light 
microscopy  reversible  functional  disorder  which  is  therefore  only  clinically  defined. 

By  this  definition,  Friede  had  no  cases  of  concussion  in  his  series,  since  all  of 
his  experiments  resulting  in  "concussion"  had  fiber  damage  in  the  cervical  cord,  and 
■were  therefore  not  morphologically  traceless.  Obviously,  any  observed  clinical  sympto¬ 
matology  in  such  cases  may  be  due  to  the  cord  damage  rather  than  to  concussion  per  se. 

We  were  not  able  to  observe  unconsciousness  or  lack  of  responsiveness  or  abolished 
reflexes  in  our  experiments  except  as  noted  in  Weiss  and  Berger's  chapter  (32)  con¬ 
cerning  evoked  potential  changes.  It  is  unfortunate  that  the  requirement  for  performing 
evoked  potential  measurements  precluded  any  clinical  measurement  of  reflexes  in  the  same 
experiments  in  our  work.  However,  clinical  observations  by  telescope  from  200  feet  away 
and,  after  a  few  moments,  clinical  observations  as  to  the  presence  or  absence  of  the 
grip  reflex  reveal  no  evidence  of  abnormality  even  in  very  high  level  survived  experi¬ 
ments  . 

The  evoked  potential  changes  noted  by  Weiss  and  Berger  (1982)  (32)  may  or  may  not 
represent  transient  phenomena  physiologically  equivalent  to  "concussion" ■  Certainly, 
the  evoked  potential  changes  are  transient,  but  we  have  only  just  now  begun  to  perform 
the  experiments  which  will  measure  evoked  potential  changes  in  humans  and  simultaneously 
measure  their  behavioral  or  performance  correlates.  It  is  very  difficult,  expensive, 
and  time  consuming  to  measure  performance  correlates  of  evoked  potential  changes  in 
primates  and  the  results  would  be  difficult  to  interpret.  On  the  other  hand,  the  pri¬ 
mate  investigated'  was  necessary  to  determine  what  to  look  for  in  humans. 

It  is  possible  that  the  definition  of  concussion  given  above  is  incorrect.  The 
"morphologically  traceless"  portion  may  be  incorrect,  and  the  definition  perhaps  should 
be  changed  to  state  that  the  morphological  findinas  are  those  limited  to  cord  fiber 
damage.  This  would  make  Friede's  cases  fit  the  definition,  but  it  also  raises  the 
question  of  whether  the  evoked  potential  changes  noted  in  our  experiments  fit  the 
definition  since  at  least  some  of  these  could  be  attributed  to  temporary  compression  of 
fiber  tracts  as  demonstrated  by  Cusick  et  al.  (1977)  (43). 

These  considerations  lead  to  a  proposed  family  of  experimental  concussion  types  in 
terms  of  nomenclature: 

(1)  The  clinical  syndrome  of  “true"  experimental  cerebral  concussion  due  to 
impact  acceleration  directly  applied  to  the  head,  using  mainly  translational  accelera¬ 
tion:  which  can  also  be  termed  also  experimental  cerebral  acceleration  concussion 
sui  generis,  (2)  the  clinical  syndrome  of  experimental  acceleration  concussion 
with  extreme  neck  stretch  due  to  impact  acceleration  directly  applied  to  the  head,  and 
T 3~)  the  clinical  syndrome  of  experimental  acceleration  concussion  with  extreme 
neck  stretch  due  to  whole  body  -X  indirect  impact  acceleration  exposures  with 
completely  restrained  toros  but  unrestrained  head  and  neck.  In  the  last  case,’  the 
impact  acceleration  is  transmitted  from  the  sled  to  the  torso  via  the  restraint  system 
and  then  via  the  vertebral  column  to  the  head.  It  is  possible  that  this  type  can  also 
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be  produced  using  other  impact  vector  directions,  but  there  have  been  no  animal  experi¬ 
ments  which  demonstrate  this. 

The  first  type,  the  clinical  syndrome  of  "true"  experimental  cerebral 
concussion  due  to  direct  impact  acceleration  is  the  result  of  an  impact  directly  trans¬ 
mitted  to  the  freely  movable  head  of  an  animal  via  an  impactor.  Classic  examples  of 
this  type  of  injury  are  experiments  using  a  pendulum  (Denny-Brown  and  Russell,  1941) 
(40)  or  a  concussion  gun  (Foltz  et  al . ,  1953)  (44)  (Unterharnscheidt  1958,  1963)  (19, 
6). 


In  these  experiments,  essentially  translational  (linear)  acceleration  is  applied;  a 
certain  neck  stretch  occurs,  but  it  is  of  negligible  importance  and  does  not  produce 
lesions  in  the  spinal  cord  between  the  lower  medulla  and  upper  cervical  area. 

In  this  context,  attention  is  again  directed  to  Friede's  experiments  mentioned 
above  in  which  he  stressed  the  point  that  symptoms  produced  in  the  two  experimental 
conditions  -  (1)  the  blow  to  the  head,  and  (2)  the  neck  stretch  -  were  indistinguishable 
from  each  other . 

We  do  not  agree  with  Friede,  that  in  both  instances,  the  same  mechanism  was 
responsible  for  the  resulting  clinical  symptoms. 

In  single  cases,  primary  traumatic  lesions  in  the  spinal  cord  near  the  occipito- 
medullary  junction  did  occur  as  shown  by  Denny-Brown  and  Russell  (1941)  (40), 
Unterharnscheidt  (1958,  1963)  (19,  6),  and  Friede  (1961)  (2,  3,  4). 

If  primary  traumatic  alterations  can  be  seen  macroscopically  or  microscopically, 
the  diagnosis  must  be  based  not  on  the  clinical  findings  but  upon  irreversible  morpho¬ 
logical  alterations.  This  is  termed  in  neuropathology  a  morphological  syndrome  with 
primary  traumatic  tissue  alterations  of  the  enveloping  structures  of  brain  and  spinal 
cord  or  of  the  brain  tissue  proper.  Such  typical  primary  traumatic  tissue  alterations 
are  epidural-,  subdural-,  subarachnoid  hemorrhages  or  hematomas,  cortical  contusions, 
traumatic  intracerebral  or  intracerebel lar  hemorrhages,  etc.  Quality,  distribution,  and 
severity  of  these  primary  traumatic  lesions  are  impact-vector  and  acceleration-level 
dependent.  There  exists  a  continuum  from  severe  lesions  to  immediate  death  of  the 
animals . 

The  experimental  stretch  experiments  of  Friede  should  in  our  opinion  be  classified 
under  the  second  type  of  experimental  concussion,  namely  the  syndrome  of  experi- 
mental  acceleration  cone ussion~with  extreme  neck  s t retch  due _to  d irectly  apg 1 i ed 
impact  acceleration.  This  syndrome  was  produced  by  Friede  by  a  direct  blow  to  the  head 
using  a  striking  device  and  by  neck  stretch  in  a  drop  test. 

If  the  threshold  for  reversible  clinical  disturbances  in  this  type  of  experimental 
acceleration  concussion  with  extreme  neck  stretch  is  exceeded  and  we  are  able  to  detect 
primary  traumatic  lesions  in  the  spinal  cord  we  may  not  use  the  diagnosis  of  concussion 
unless  the  definition  is  modified  as  we  suggest  above. 

To  use  the  term  contusio  spinalis  for  this  morphological  diagnosis  is  not  proper, 
since  we  can  conclude  from  the  analysis  of  the  injury  mechanism  and  the  patho- 
morphological  alterations  that  in  addition  to  the  direct  impact  of  the  odontoid  against 
the  spinal  cord,  an  additional  stretch  of  the  spinal  cord  at  the  occipito-medul lary 
junction  occurred.  The  tissue  damage  is  caused  by  impact  and  stretch. 

The  third  type ,  the  indirect  experimental  acceleration  concussion  with  extreme 
neck  stretch  due  to  whole  body  -X  impact  acceleration  exposu  es  leads  to  a  continuum  of 
reversible  neurophysiological  disturbances  and,  with  higher  exposures,  to  irreversible 
tissue  damage  ranging  from  unremarkable  clinical  and  morphological  findings  to  tissue 
indentations  by  the  odontoid  process  of  the  axis,  to  incomplete  and  complete  traumatic 
tranaections  of  the  spinal  cord  between  the  lower  medulla  and  upper  cervical  areas  and 
ruptures  of  both  vertebral  arteries  and  concomitant  subarachnoid  and  subdural  hemor¬ 
rhages  at  the  base  of  the  brain  and  in  the  cervical  spinal  cord,  in  some  cases,  extending 
into  the  thoracic  and  lumbar  spinal  cord.  Only  when  a  detailed  histological  examination 
of  the  tissue  specimen  does  not  reveal  any  macroscopic  or  microscopic  traumatic  altera¬ 
tions  can  this  syndrome  be  considered  an  experimental  acceleration  concussion  with_ 
extreme  neck  stretch  due  to  whole  body  -Gx  indirect  acceleration  exposures  with  completely 
restrained  torso  but  unrestrained  head  and  neck,  unless  the  proposed  revised  definition 
of  concussion  considered  earlier  is  agreed  upon. 

In  this  type,  additional  neurophysiological  data,  using  somatosensory  recordings, 
etc.,  may  produce  other  objective  findings  of  reversible  disorders. 

If  the  threshold  to  produce  primary  traumatic  alterations  is  exceeded  we  must  term 
these  tissue  alterations:  (1)  primary  traumatic  spinal  tissue  indentations  due  to  the 
odontoid  process  of  the  axis,  and  with  higher  acceleration  levels  (2)  incomplete  or 
complete  traumatic  transectior.s  of  the  spinal  cord  between  lower  medulla  oblongata  and 
upper  cervical  area,  eventually  with  rupture  of  both  vertebral  arteries  and  concomitant 
subarachnoid  and  subdural  hemorrhages  at  the  base  of  the  brain  and  the  cervical  spinal 
cord . 


It  is  important  to  stress  the  point  that  the  quality  of  the  primary  traumatic 
lesions  is  dosage  related;  it  changes  with  increments  of  acceleration  levels. 
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It  is  possible  that  a  distinction  should  also  be  made  between  the  terms  cerebral 
concussion ,  concussion  and  commotio  cerebri.  This  area  of  nomenclature  is  important 
because  clinicians  use  one  terminology  and  experimenters  another. 

Cerebral  concussion  may  be  a  misnomer  except  for  type  one  cases.  While  the 
symptoms  and,  therefore,  the  clinical  condition  or  diagnosis  may  oe  identical,  it  is 
highly  probable  that  concussion,  as  pointed  out  by  Friede,  can  be  caused  either  by 
direct  impact  to  the  head  without  appreciable  neck  stretch,  or  by  neck  stretch  alone 
without  appreciable  impact  to  the  head.  Therefore,  the  term  cerebral  concussion  should 
be  used  only  in  cases  where  very  little  neck  stretch  occurred  in  direct  impacts  to  the 
head.  Commotio_  cerebri  is  a  clinical  term  which  is  frequently  used  as  a  synonym  for 
cerebral  concussion.  The  main  clinical  symptom  is  immediate  unconsciousness. 

Concussion _with  neck  stretch  and  no  head  impact ,  while  clinically  indistinguishable  from 
cerebral  concussion, ~is  caused  by  a  different  mechanism  and  should  never  be  termed 
cerebral  concuss ion. 

The  final  definition^  of  concussion  by  objective  criteria  of  diagnosis  must  await 
further  experiments.  Certainly,  the  definition  of  human  concussion  in  terms  of  "un¬ 
consciousness"  which  in  itself  is  poorly  defined  physiologically,  neurophysiological ly 
and  morphologically  leaves  much  to  be  desired. 

We  do  not  agree  with  Friede  that  the  problem  of  the  clinical  syndrome  of  commotio 
cerebri  can  be  answered  only  by  human  neuropathology.  Animal  experiments  can  be  used  to 
answer  this  question,  also.  In  animal  experiments,  with  direct  impact  of  the  head 
against  an  object  using  a  sled,  or  using  a  compressed  air  gun  with  an  impactor  applying 
linear  acceleration,  we  were  able  to  determine  the  threshold  for  producing  the  clinical 
symptoms  of  cerebral  concussion  (Unterharnscheidt  1958,  1963)  (19,  6).  Extensive  histo¬ 
logical  examination  of  the  specimens  using  different  survival  times  and  staining 
techniques  failed  to  reveal  any  primary  or  secondary  traumatic  alterations  in  brain  or 
spinal  cord.  There  was  a  complete  absence  of  traumatic  lesions  at  the  atlanto-occipital 
junction.  In  our  opinion,  the  clinical  syndrome  of  cerebral  concussion  in  animal  experi¬ 
ments  and  the  clinical  syndrome  of  commotio  cerebri  in  humans  are  the  result  of  inertial 
forces.  We  do  not  know  the  physiological  mechani sms  which  lead  to  unresponsiveness  in 
animals  and  altered  consciousness  in  humans.  The  impacting  kinetic  energy  must  produce 
a  certain  acceleration  with  subsequent  inertial  phenomena  which  have  to  reach  a  certain 
(known)  threshold  to  produce  a  clinical  syndrome  of  cerebral  concussion  or  commotio 
cerebri.  There  are  no  pathomorphological  findings  detectable  using  the  classical  light 
microscopical  staining  techniques;  morphological lv,  the  effects  are  traceless,  as  Spatz 
remarked  (personal  communication,  1961)  (45). 

If  the  histological  examination  of  the  CHS  of  an  animal  subjected  to  acceleration 
concussion  shows  primary  traumatic  lesions;  e.g.,  hemorrhages;  we  can  no  longer  use  the 
diagnosis  experimental  cerebral  concussion;  we  have  to  diagnose  this  entity  a  contusio 
cerebri,  which  is  a"  pathological  diagnosis,  and  describes  primary  traumatic  alterations 
due  to  the  application  of  a  mechanical  load.  The  inertial  data  show  that  the  threshold 
in  such  a  case  is  higher  than  that  required  to  produce  a  cerebral  concussion.  There¬ 
fore,  it  is  imperative  that  in  these  animal  experiments,  exhaustive  hi stopathological 
examination  under  standardized  conditions  be  carried  out. 

H.  Adams  (1975)  (46)  discussed  the  morphological  findings  of  Friede;  he  wrote:  "It 
has  been  suggested  by  Friede  (1961)  (2,  3,  4)  that  direct  damage  to  nerve  fibers  in  the 
upper  cervical  spinal  cord  as  a  result  of  shear  strains  of  the  cranio-cervical  junction 
is  a  factor  in  the  production  of  concussion  in  various  experimental  animals.  It  might, 
therefore,  be  thought  that  similar  damage  would  be  observed  in  man,  but  in  a  series  of 
32  fatal  blunt  head  injuries,  the  author  has  not  been  able  to  find  significant  numbers 
of  retraction  balls  or  microglial  scars  in  serial  blocks  of  the  lower  medulla  and  the 
upper  three  cervical  segments  of  the  spinal  cord  (H.  Adams  1975)." 

Unfortunately,  H.  Adams  presents  no  details  as  to  which  types  of  fatal  blunt  head 
injuries  he  examined.  Many  fatal  head  injuries  with  a  direct  impact  to  the  head  lead  to 
negligible  neck  stretch.  It  would  be  essential,  indeed,  to  expand  the  histological 
examination  of  the  lower  medulla  and  the  upper  cervical  spinal  cord  of  humans  to  those 
fatal  head  injury  types  with  extreme  neck  stretch. 

As  to  the  significance  of  rotation  as  a  cause  of  experimental  concussion,  the 
experiments  carried  out  by  Friede  on  cats  using  a  device  which  rotated  the  heads  fore 
and  aft  neither  produced  clinical  symptoms  of  concussion  nor  neuropathological  evidence 
of  damage  in  the  brain  and  spinal  cord.  We  fully  agree  with  Friede  that  rotational 
acceleration  does  not  produce  the  symptoms  of  a  "true"  cerebral  concussion,  but  typical 
pathomorphological  alterations  may  develop  if  the  threshold  for  tissue  damage  is  ex¬ 
ceeded.  The  primary  traumatic  lesions  found  after  rotational  acceleration  differ  in 
regard  to  quality  and  distribution  from  those  seen  after  translational  (linear)  ac¬ 
celeration  as  noted  previously  in  some  detail. 

In  conclusion,  it  appears  that  each  vector  direction  of  impact  acceleration  pro¬ 
duces  a  different  and  predictable  type  of  injury  in  regard  to  quality  and  distribution. 
This  was  demonstrated  in  the  experiments  where  the  translational  (linear)  and  rotational 
acceleration  were  translated  directly  to  the  head  (Unterharnscheidt,  1958,  1963,  1970, 
1971,  1972,  1975)  (19,  6,  47,  48,  49,  50)  Unterharnscheidt  and  Higgins  (1969)  (8,  9, 

10);  Ripperger,  and  Unterharnscheidt  (1973)  (51)  and  indirect  rotational  acceleration 
was  applied  Unterharnscheidt  et  al .  (1977)  (52);  (Unterharnscheidt  (1982)  (53),  ana 
Unterharnscheidt  (1973)  (51). 
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Rotational  acceleration  can  be  caused  by  a  direct  impact  to  the  head,  a  so-called 
contact  in  iury  when  a  part  of  the  animal,  for  example  the  head,  comes  in  contact  with  a 
rigid  structure  or  impactor,  by  acceleration  of  the  restrained  torso  while  head  and  neck 
remain  unrestrained  (whiplash  type  iniury  or  indirect  impact,  i.e.,  -Gx)  or  by  applying 
direct  rotational  acceleration  to  a  helmet  in  which  the  monkey's  head  can  be  secured; 
for  example,  using  Head  Acceleration  Device  II  (HAD-II). 

The  specific  neuropatholog ical  in-jury  pattern  in  -Gx  acceleration  transmitted 
indirectly  to  the  head  via  the  vertebral  column  consists  of  tissue  damage  at  the  zone  of 
maximum  stretch  at  the  atlanto-occipital  -junction  and  if  the  threshold  is  reached, 
incomplete  and  complete  traumatic  transection  of  the  spinal  cord  and  ruptures  of  both- 
vertebral  arteries  and  concomitant  basilar  and  spinal  subarachnoid  and  subdural  hemor¬ 
rhages  . 

Furthermore,  at  peak  sled  acceleration  levels  low  enough  that  neither  incomplete 
nor  complete  transactions  occurred,  a  local  indentation  of  tissue  was  seen  at  the  ven¬ 
tral  fissure,  apparently  caused  by  direct  impact  of  the  tip  of  the  odontoid  process  of 
the  axis.  This  local  indentation  generally  produced  acute  traumatic  alterations  only  in 
the  ventral  fasciculi  of  the  spinal  cord.  Upon  these  immediate  traumatic  lesions  are 
superimposed  another  traumatic  alteration  which  develops  only  after  an  interval,  but 
which  also  was  due  to  the  same  impact  of  the  odontoid  process  on  the  cord.  This  later 
alteration  consisted  of  lesions  in  the  grey  substance  which  led  to  what  may  be  termed 
progressive  central  hemorrhagic  necrosis. 

In  some  instances,  subdural  hemorrhages  over  both  cerebral  hemispheres  due  to 
ruptured  bridging  veins  were  seen,  probably  as  the  result  of  rotational  acceleration. 

As  we  have  demonstrated  before  (Unterharnscheidt  1958,  1963,  1970,  1972: 
Unterharnscheidt  and  Higgins,  1969),  a  neurophysiologial  and  neuropathological  continuum 
from  no  lesions  to  severe  and  lethal  ones  can  be  demonstrated,  described  and  quantified. 
The  head-neck  and  brain-cord  systems  can  be  described  by  input-output  relationships. 

Each  effective  mechanical  input  to  the  head  and  neck  corresponds  to  a  predictable  and 
typical  morphological  end  state. 

The  experiments  show  very  convincingly  that  more  neuropathological  examinations, 
especially  of  the  area  between  lowe*-  medulla  and  upper  cervical  spinal  cord,  must  be 
carried  out  as  a  routine  procedure  in  forensic  medical  examinations.  Again,  the  typical 
dissection  which  separates  the  brainstem  from  the  cervical  spinal  cord,  destroys  the 
most  important  area.  A  myelotome,  described  by  Pick,  or  deliberate  tissue  saving 
preparation  techniques  should  be  used  or  developed. 

RECOMMENDATIONS 

As  Ewing  and  Unterharnscheidt  (1976)  (25)  stated,  present  instructions  for  Naval 
autopsies  after  aircraft  accidents  are  not  mandatory  and  are  in  effect  only  routing 
instructions  for  the  results  (54,  55,  56,  57).  X-rays  are  not  mandatory  for  any  autopsy 
case  but  only  for  all  elections,  ditchings,  or  crash  landings  where  "significant  forces 
were  present." 

Recommendations  for  standardization  of  autopsy  procedures  in  aircraft  accident 
victims,  described  from  these  studies,  were  outlined  by  Ewing  and  Unterharnschedit 
(1976)  (25). 

As  a  result  of  our  studies,  it  is  recommended  that  a  more  comprehensive  autopsy  be 
performed,  but  not  be  limited  to  a  detailed  gross  and  microscopic  examination  of  all 
injured  organs.  In  these  experiments,  as  well  as  those  of  Friede,  the  area  between 
lower  medulla  oblongata  and  upper  cervical  spinal  cord  (i.e.,  the  atlanto-occipital 
junction)  was  shown  to  be  the  zone  of  the  most  extensive  stress.  Therefore,  the  brain 
and  spinal  cord  down  to  the  cauda  equina  must  be  removed  in  toto,  leaving  the  unopened 
dura  mater  on  the  specimen.  This  is  quite  important  because  the  level  of  cranio¬ 
cervical  iunction  is  suspected  as  a  frequent  site  of  fatal  iniury  in  Naval  aircraft 
accidents,  but  ordinary  autopsy  procedures  destroy  this  vital  area. 
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Gross 

Animal  Peak  Sled  Radiological  Neuropathological 

No .  Acceleration  Disposition  Findings  Findings _ 

G  max 


4107 

10.0 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

0761 

21.0 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

4114 

41.6 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

8872 

44.3 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

NA28 

44.5 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

NA02 

61.6 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

8824 

62.4 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

8802 

63.7 

Surv,  no  pathology 

Normal 

No  traumatic  transection 

'j'001'2'  ‘ ‘  ‘ 

. 't's.'i  •  •  •  • 

Surv,  with  pathology 

' '  So  Vital . 

—  Thttfehtmbh*  v  aifetbibmibh-  w  c.y  * 

1 

1 

1 

subarachnoid  hemorrhage  around  I 

1 

1 

1 

basilar  and  ventral  arteries.  I 

j  8857 

82.7 

Surv,  no  pathology 

Normal 

No  traumatic  transection. 

|  3948 

83.7 

Surv,  no  pathology 

Normal 

No  traumatic  transection.  j 

j  3943 

83.8 

Surv,  no  pathology 

Normal 

No  traumatic  transection. 

1 8790 

87.9 

AF 

ITS,  Cj/^ 

Indentation  &  discoloration  at  C, ] 

1 

1 

1 

central  hemorrhagic  necrosis.  | 

j  8863 

104.5 

Surv,  with  pathology 

Normal 

Indentation  at  C, ;  no  discoloration 

1 

1 

1 

Decreased  consistency  of  tissue .  | 

]8866 

105.3 

AF 

BSF 

Incomplete  traumatic  transection.  1 

13933 

103.6 

Surv,  no  pathology 

Normal 

No  traumatic  transection.  | 

xxixxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxi 

*  | 3921 

108.7 

AF 

AOS 

Complete  traumatic  transection.  ^ 

110.4 

Surv,  no  pathology 

Normal 

No  traumatic  transectior  .  *j 

*  [3935 

123.0 

Euthanasln,  90  hours 

Normal 

No  traumatic  transection,  but 

X 

central  hemorrhagic  necrosis.  x 

x  0764 

124.2 

AF 

AOS 

X 

Incomplete  traumatic  transection ^ 

x  4101 

126.4 

AF 

AOS 

Incomplete  traumatic  transection/ 

X  4115 

127.3 

AF 

BSF 

X 

No  traumatic  transection.  x 

x  3923 

127.4 

AF 

AOS 

Complete  traumatic  transection.  x 

x  4099 

128.2 

AF 

TS,  Cl/C2 

X 

Complete  traumatic  transection.  x 

x  3951 

130.7 

AF 

BSF 

Incomplete  traumatic  transection/ 

X  3946 

131.4 

AF 

AOS 

Complete  traumatic  transection.  x 

x  3146 

158.4 

AF 

AOS 

Complete  traumatic  transection,  x 

X 

and  old  indentation  and  discolor -y 

X 

atlon  at  C, .  x 

l  X 

x  3936 

162.8 

AF 

AOS 

Complete  traumatic  transection.  x 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

AF  -  Acutely  fatal 

ITS  -  Incomplete  traumatic  transection 

BSF  -  Basilar  skull  fracture 

AGS  -  Atlanto-occipital  separation 

TS  -  Traumatic  separation 

_  Peak  sled  accelerations  >*ich  do  not  produce 

traumatic  transactions  of  the  cord. 

.  Threshold  tone,  where  traumatic  lesions 

in  single  cases  may  or  may  not  occur. 

-  Peak  sled  accelerations  in  which  indenta¬ 
tions  of  cord  tissue  due  to  the  odontoid  process 
may  occur. 

xxxxxxxx  Peak  aled  acceleration#  id>ich  cannot  be  survived. 


TABLF  2 


H  Fig.  1A-C.  8790.  Rhesus  monkey. 

If^V  ■  Base  of  skull  after  removal  of  the 

fjU  ‘  ■  brain,  using  a  rongeur.  Peak  sled 

1  acceleration  87.9  G;  acutely  fatal 
"  run;  incomplete  traumatic  separa- 

W  tion  C  ,'C, ;  no  traumatic  transection 

■  but  indentation,  flattening,  and 

I  discoloration  of  ventral  area  be- 

■  tween  lower  medulla  oblongata  and 

upper  cervical  spinal  cord.  The 

V  spinal  cord  with  dura  mater  is  re- 

,  moved,  using  a  posterior  approach 
by  opening  the  spinal  canal  by  lami¬ 
nectomy.  Fig.  1A.  The  cerebral  dura 
mater  is  visible,  which  covers  as 
endost  the  inte-ior  of  the  base  of 
the  skull.  In  the  spinal  canal, 
the  membrana  tectoria  and  the  pos¬ 
terior  longitudinal  ligament  can  be 
seen.  In  its  most  upper  part,  there 
exists  a  circumscribed  toothlike  Dro 
trusion  extending  dorsally  into  the 
spinal  canal;  the  membrana  tectoria 
covering  this  area  is  bulged  inward 
into  the  spinal  canal  by  this  bony 
structure,  but  not  penetrated  by  it. 
The  membrana  tectoria  and  the  pos¬ 
terior  longitudinal  ligament  show 
no  tears.  The  wedgelike  incision 
was  made  by  the  author  in  order  to 
examine  the  underlying  structures. 
The  described  protrusion  is  im¬ 
mediately  ventral  located  to  the 
three  arrows.  (1)  Cerebral  dura 
mater  which  represents  the  endost 
of  the  interior  of  the  base  of  the 
skull,  (2)  optic  chiasm,  (3)  stalk 
of  pituitary,  (4)  posterior  longi¬ 
tudinal  ligament.  Fig.  IB.  The  in¬ 
cised  membrana  tectoria  is  turned 

back  distally.  The  circumscribed  tooth-like  bony  structure  can  now  be  identified  as  the 
odontoid  process  of  the  axis;  this  structure  shows  no  fracture.  The  superior  longitudinal 
band  of  the  cruciform  ligament,  the  transverse  ligament  of  the  atlas  and  the  apical  liga¬ 
ment  of  the  dens  are  ruptured,  also  the  alar  ligaments.  (1)  the  odontoid  process  of  the 
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Fig.  2.  3936.  Rhesus  monkey.  Median  section  through  the  formalin  fixed  head,  brain, 
cervical  spine,  and  spinal  cord.  162.8  G  peak  sled  acceleration;  acutely  fatal  run; 
atlanto-occipital  separation;  complete  traumatic  transection.  (1)  head  mount,  (2)  skull, 

(3)  falx  cerebri,  (4)  corpus  callosum,  (5)  cerebellum,  (6)  midbrain,  (7)  pons,  (8)  medulla 
oblongata,  (9)  optic  chiasm,  (10)  pituitary,  (11)  base  of  skull,  (12)  basilar  subdural 
hemorrhage  due  to  ruptured  vertebral  arteries,  (13)  anterior  circumference  of  foramen 
magnum,  (14)  posterior  circumference  of  foramen  magnum,  (14)  posterior  circumference  of 
foramen  magnum,  (15)  posterior  arch  of  atlas,  (16)  anterior  arch  of  atlas,  (17)  odontoid 
process  of  axis,  (18)  hemorrhage  extending  into  retropharyngeal  space,  (19)  traumatically 
transected  medulla  oblongata,  (20)  traumatically  transected  upper  cervical  spinal  cord, 

(21)  spinous  process  of  axis,  (22)  hemorrhage  extending  into  neck  muscles,  (23)  interverte¬ 
bral  disc  between  axis  and  third  cervical  vertebra.  Macrophoto. 


Fig.  1A-C.  (Cont) .  axis,  (2)  the  distally  turned  back  membrana  tectoria  is  indicated  by 
white  arrows.  Fig.  1C.  Base  of  brain  and  anterior  aspect  of  cervical  spinal  cord.  Brown¬ 
ish  discoloration  and  indentation  of  the  tissue  at  the  atlanto-occipital  Junction  between 
lower  medulla  oblongata  and  Cj.  The  tissue  in  this  area  is  flattened  and  soft.  Due  to 
the  impact  and  sliding  movement  of  the  odontoid  process  of  the  axis,  an  ovoid  zone  (see 
arrows)  of  tissue  at  the  anterior  aspect  of  the  spinal  cord  is  traumatically  damaged. 
Macrophoto. 


Fig.  3.  3936.  Rhesus  monkey.  Median  section  through  the  formalin  fixed  head,  brain, 
cervical  spinal  cord.  Same  animals  as  Fig.  2  but  the  specimen  was  distracted,  in  order 
to  demonstrate  the  nature  of  the  lesion.  162.8  G  peak  sled  acceleration;  acutely  fatal 
run;  at lanto-occipital  separation;  complete  traumatic  transection.  (1)  head  mount, 

(2)  skull,  (3)  falx  cerebri,  (4)  corpus  callosum,  (5)  cerebellum,  (6)  midbrain,  (7)  pons, 
(8)  medulla  oblongata,  (9)  optic  chiasm,  (10)  pituitary,  (11)  base  of  skull,  (12)  basilar 
subdural  hemorrhage  due  to  ruptured  vertebral  arteries,  (13)  anterior  circumference  of 
foramen  magnum,  (14)  posterior  circumference  of  foramen  magnum,  (15)  posterior  arch  of 
atlas,  (16)  anterior  arch  of  atlas,  (17)  odontoid  process  of  axis,  (18)  hemorrhage  ex¬ 
tending  into  retropharyngeal  space,  (19)  traumatically  transected  medulla  oblongata, 

(20)  traumatically  transected  upper  cervical  spinal  cord,  (21)  spinous  process  of  axis, 
(22)  hemorrhage  extending  into  neck  muscles,  ( ? 3 )  intervertebral  disc  between  axis  and 
third  cervical  vertebra.  Macrophoto. 


1 

) 

I 

I 

< 


I 


\ 


i 


17-29 


Fig.  4A-E.  3935.  Rhesus  monkey.  Two  high  level  runs 

on  one  day;  peak  sled  acceleration  of  the  first  run 
105.5  G,  the  peak  sled  acceleration  of  the  second 
run  was  123.0  G.  The  animal  was  moribund  and  had  to 
be  sacrificed  after  90  hours;  normal  radiological 
findings;  no  traumatic  transection,  but  centrally  lo¬ 
cated  hemorrhagic  necroses.  Fig.  4A.  .  Complete 

traumatic  necrosis  of  an  area  of  the  right  lateral 
column,  surrounded  by  arrows.  Partial  traumatic  ne¬ 
crosis  in  the  neighborhood,  especially  dorsal.  KlUver- 
Barrera,  30:1.  Fig  4B.  Enlarged  detail  from  A.  Com¬ 
plete  traumatic  necrosis  with  invasion  of  polymorpho- 
nuclears.  Kluver-Barrera ,  120:1.  Fig.  4C.  Loss  of 
neurons  with  glial  proliferation  in  the  right  anterior 
horn.  Multiple  recent  rhectic  hemorrhages  in  the 
grey  substance.  Hematoxylin  -  Eosin,  50:1.  Fig.  4D. 
Enlarged  detail  from  Fig.  A.  Loss  of  neurons  with 
astroglial  and  microglial  proliferation  can  be  seen. 
There  is  a  marked  proliferation  of  astroglial  and 
microglial  elements  visible.  Remaining  neurons  re¬ 
veal  loss  of  tigroid  (Nisei)  substance;  their  cyto¬ 
plasm  is  opaque  staining,  the  shrunken  nucleus  periph¬ 
erally  located  or  completely  lost.  In  this  older 
scar  formation,  multiple  recent  rhectic  hemorrhages 
can  be  seen.  Hematoxylin  -  Eosin,  120:1.  Fig.  4E. 

Area  between  lower  meculla  oblongata  and  Ci  .  Both 
vertebral  arteries  are  visible  and  attached  to  the 
specimen.  Bilateral  central  hemorrhagic  necrosis. 
Macrophoto. 


Fig.  5.  Rhesus  monkey.  Control  animal.  Macerated  specimens  of  atlas  and  axis  seen  from 
above.  (1)  anterior  tuberculum  of  atlas,  (2)  superior  articular  process  of  atlas, 

(3)  transverse  process  of  atlas,  (4)  transverse  foramen  of  atlas,  (5)  anterior  arch  of 
atlas,  (6)  posterior  arch  of  atlas,  (7)  odontoid  process  (dens)  of  axis,  (8)  spinous 
process  of  axis,  (9)  spinal  canal.  Macrophoto. 


Fig.  6.  Rhesus  monkey.  Control  animal.  Median  section  through  the  formalin  fixed 
head,  brain,  cervical  spine,  and  cervical  spinal  cord.  (1)  skull,  (2)  falx  cerebi , 

(3)  corpus  callosum,  (4)  cerebellum,  (5)  mi’dbrain,  (6)  quadrigeminal  plate,  (7)  pons, 

(R)  medulla  oblongata,  (9)  optic  chiasm,  { 10)  pituitary,  (11)  base  of  skull,  (12)  retro¬ 
pharyngeal  space,  (13)  anterior  circumference  of  foramen  magnum,  (14)  posterior  circum¬ 
ference  of  foramen  magnum,  (15)  anterior  arch  of  atlas,  (16)  posterior  arch  of  atlas, 
(17)  odontoid  process  of  axis,  (18)  spinous  process  of  axis,  ()9)  intervertebral  disk 
between  axis  and  third  cer"ical  vertebra.  Macrophoto. 
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Fig.  7.  Rhesus  monkey.  Control  animal,  after  evisceration  and  removal  of  the  skin. 
Median  section  through  the  formalin  fixed  head,  brain,  cervical  spine,  and  cervical 
soinal  cord.  (1)  skull,  (2)  falx  cerebi,  (3)  corpus  callosum,  (4)  cerebellum,  (5)  mid¬ 
brain,  (6)  quadrigeminal  plate,  (7)  pons,  (R)  medulla  oblongata,  (9)  optic  chiasm, 

(10)  pituitary,  (11)  base  of  skull,  (12)  retropharyngeal  space,  (13)  anterior  circum¬ 
ference  of  foramen  magnum,  (14)  posterior  circumference  of  foramen  magnum,  (15)  anterior 
arch  of  atlas,  (16)  posterior  arch  of  atlas,  (17)  odontoid  process  of  axis,  (18)  spinous 
process  of  axis,  (19)  intervertebral  disk  between  axis  and  third  cervical  vertebra. 
Macrophoto. 
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Fig.  8A.  3948.  P.hesus  monkey.  Single  run;  peak  sled  acceleration 

83.7  G;  normal  radiological  findings;  no  traumatic  transection,  sacri¬ 
ficed  9  days  later.  Dorsal  laminectomy;  spinal  cord  with  dura  mater 
unremarkable . 

Fig.  8B.  3921.  Rhesus  monkey.  Peak  sled  acceleration  108.6  G; 

atlanto-occipital  subiuxation;  complete  traumatic  transection,  acutely 
fatal  run.  Base  of  brain  with  traumatic  transection  between  lower 
medulla  oblongata  and  upper  cervical  spinal  cord.  Massive  subdural 
hemorrhage  extending  to  the  pituitary.  Both  vertebral  arteries  are 
avulsed. 

Fig.  8C.  Same  monkey.  Upper  cervical  spinal  cord,  dorsal  aspect. 
Massive  subdural  hemorrhage.  Macrophotos. 

Fig.  8D  39S1.  Rhesus  monkey.  Single  run;  peak  sled  acceleration 

130.7  G;  basilar  skull  fracture;  incomplete  traumatic  transection, 
acutely  fatal  run.  Dorsal  laminectomy;  spinal  cord  with  dura  mater. 
Massive  cervical  subdural  hemorrhage.  Macrophoto. 

Fig.  8E.  Same  monkey.  Lower  cervical  spinal  cord.  Scattered  sub¬ 
dural  hemorrhage  mainly  in  anterior  aspects  of  the  right  side.  The 
subdural  hemorrhage  has  not  become  a  space-occupying  mass.  Grey  and 
white  substance  reveal  no  pathomorphological  alterations.  Hematoxylin 
Eosin,  12:1. 


Pig.  9A-C.  4099.  Rhesus  monkey.  Cerebral  hemi- 

spheres,  complete  traumatic  Sub- 

dural  hemorrhage  over  both  cerebral  hemispheres, 
with  the  exception  of  both  occipital  lobes,  right 
more  pronounced  that  left.  Pig.  9A.  The  subdural 
hemorrhage  can  be  seen  through  the  cerebral  dura 
mater.  The  indentations  of  the  dura  mater  caused 
by  the  epidural ly  located  electrodes  can  be  seen  on 
both  sides.  Pig.  9B.  Cerebral  hemispheres  after 
removal  of  the  cerebral  dura  mater.  Besides  the 

subdural  hemorrhage,  patchy  subarachnoid  hemorrhage:  j 

can  be  detected.  The  subdural  hemorrhage  does  not 
extend  into  both  occipital  areas;  the  parieto¬ 
occipital  fissure  (monkey  fissure)  represents  the  borderline.  The  occipital  lobe  of  the 
Rhesus  monkey  shows  practically  no  sulci.  Fig.  9C.  4099.  Rhesus  monkey.  Base  of  brain¬ 
stem  with  subarachnoid  and  subdural  hemorrhage.  Acutely  fatal  run;  128.1  G  peak  sled 
acceleration;  C, /C,  subluxation;  complete  traumatic  transection.  Both  vertebral  arteries 
are  disrupted  at  the  area  of  the  foramen  magnum.  The  disrupted  zone  of  the  lower  medulla 
oblongata  reveals  an  uneven  and  corrugated  surface.  Macrophotos. 
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92130  ISSY-LES-MOULINEAUX  (FRANCE) 


RESUME 


Dans  le  cadre  d'un  marche  d'etudes,  le  Service  Technioue  de  la  Production 
ASronautique  a  demande  4  la  Society  AERAZ'JR-EFA  de  concevoir  un  equip ement  sou  1  a  - 
geant  la  colonne  vertebrale  des  pilotes  de  chasse  lors  d'ejections.  Une  solution 
pneumatique  fut  retenue.  Les  travaux  consisterent  4  mettre  au  point  des  structures 
goriflables,  dites  'poutres1,  capables  de  supporter  des  efforts  importants.  Ces 
poutres  furent  utilisdes  pour  rialiser  un  eouipement.  afin  de  verifier  la  validite 
des  principes  retenus.  Des  essais  en  centrifugeuse  sur  mannequin  et  sujet  humain 
effectuSs  par  le  Centre  d'Essais  en  Vol  ,  Laboratoire  de  MGdecine  Aerospatiale, 
montrerent  qu'un  tel  equipement  etait  capable  de  diminuer  de  50  %  les  efforts 
transmis  au  siege  par  la  colonne  vertebrale.  L'Atude  d'un  prototype  utilisable 
dans  1 'environnement  avion,  ainsi  que  son  gonflement  au  moment  de  l'ejection,  a 
ete  menee. 


INTRODUCTION 


Lors  d'une  ejection  hors  d'un  avion  de  chasse,  la  colonne  vertebrale  du 
pilote  ou  du  navigant  q^  s'ejecte  sst  sollicitee  dangereusement  L ' acce 1 erati on 
lineaire  que  subit  I'ejecte  atteignait  20  g  en  pointe  sur  les  sieges  tie  l'ancienne 
generation,  e 1 1 e  avoisine  maintenant  avec  les  sieges  de  la  nouvelle  generation,  15  g. 
Cette  valeur  est  encore  largement  suffisante  pour  entralner  dans  de  nombreux  cas, 
des  lesions  de  la  colonne  vertebrale.  Ces  lesions  sont  d'autant  plus  graves  oue  la 
position  des  sujets  avant  l'ejection  est  aiauvaise  ou  que  le  harnais  est  mal  ajuste. 

II  ne  faut  pas  oublier  la  masse  de  la  tete  qui  provoque  une  hyperflexion  du  cou  au 
depart  du  siege,  puis  est  rejetee  brutalement  vers  l'arrifre,  des  la  sortie  du 
cockpit  au  contact  du  souffle. 

Dans  le  cadre  d'un  contrat  d'etudes,  le  Service  Technique  de  la  Production 
Aeronautique  a  demande  4  la  Societi  AERAZUR  d'envisager  les  principes  oui  pourraient 
etre  utilises  pour  diminuer  la  gravite  des  lesions  de  la  colonne  vertebrale,  lors 
d'une  ejection.  La  protection  devait  etre  assuree  en  final  par  un  equipement  indi- 
viduel,  base  sur  les  principes  retenus. 

Pour  parvenir  4  une  protection  de  la  colonne  vertebrale,  l'equipement 
devrait  done  remplir  les  fonctions  suivantes  : 

-  Positionner  le  torse  du  sujet,  de  fagon  4  maintenir  la  colonne 
vertebrale  le  plus  pa>"al  1  el  ement  possible  au  dossier  du  sieqe  ejectable 
qui  est  egalement  l'axe  d'action  de  1 ' accel eration . 

-  Soulager  la  colonne  vertebrale  de  l'effort  qu'elle  subit,  lors  de 
1' ejection . 

-  Maintenir  la  tete  dans  une  position  normale,  permettant  d'6viter  l'hyper- 
flexion. 

-  Ne  pas  gener  1 ' uti 1 i sateur  pendant  toute  la  phase  inactive  de  l'equipement  : 
soi t  1 e  vol  normal . 

APPROCHE  TECHNIQUE  UU  PROBLEME 

Les  fonctions  citees  ci-dessus,  les  connai  ssances  anterieures  d'AERAZUR 
dans  le  domaine  du  gonflable.  nous  conduisirent  4  envisager  une  solution  pneuma¬ 
tique,  dont  les  principes  generaux  furent  les  suivants  : 

-  Ameiiorer  les  performances  mecaniques  de  la  colonne  vertebrale,  en  lui 
adjoignant  une  structure  gonflable,  capable  de  reprendre  mecamquement  des 
efforts  Importants,  plus  particul ierement  de  compression,  soutenir  la 
tite  en  position  normale,  provoquer  la  mise  en  place  obligatoire  du  torse 
lors  du  gonflement  de  cette  structure. 

Les  efforts  qu'il  fallait  soutenir  nous  ont  obliges  4  etudier  et  developper 
des  schemas  de  structures  gonflables  tris  performants.  Nous  avons  intitule  ces 
structures,  des  'poutres'  par  analogie  avec  la  theorie  de  la  resistance  des  materiaux. 

Les  poutres  retenues  capables  de  supporter  les  efforts  envisages,  sont  4 
deux  corposants  compiementaires ,  une  enveloppe  textile  dans  laouelle  est  placee  un 
reseau  de  tubes  obtenu  par  soudure  haute  frequence  de  deux  feuilles  dt  polyurethane. 
Les  differentes  couches  de  tubes  sont  imbriquees  les  unes  dans  les  autres,  de  cette 
fagon,  une  section  droite  de  la  poutre  a  l'aspect  d'un  nid  d  a  be i 1 les . 


SCHEMA  N °  1 


T.ttu  t 


MQCj  UC  t-U  j. 


.  fUe  ) 


Les  petits  diametres  des  tubes  permettent  d'utiliser  des  pressions  internes  relative- 
ment  £lev£es  et  de  conferer  ainsi  1  la  'poutre'  un  tr£s  bon  comportement  au  flambage 
par  compression.  La  pression  interne  d '  uti 1 1 sa tion  de  ce  type  de  poutre  est  de  5  bars; 
Sa  pression  d'edatement  est  de  11  bars. 

Les  efforts  de  compression  maximaux  provoquant  le  flambage  d'une  poutre  de  dimensions 
conformes  i  celles  du  schema  sont  : 


0,Sm . 


500  daN  i  5  bars 


550  daN  i  /  bars 


SCHEHA  N* 


Ces  poutres  sont  done  le  materiau  qui  aliait  nous 
permettre  de  construire  notre  structure  gonflable. 


La  structure  se  compose  de  deux  poutres  ayant  1 'aspect  de  plaques,  situ£es 
sous  les  bras  et  contre  les  flancs  du  sujet.  Ces  poutres  sont  relives  entre  el  les 
au  moyen  d'une  autre  poutre  de  mime  nature,  mais  t.ransversale  situ£e  sur  la  poitrine 
du  sujet. 


-Poutre  de  liaison 

•Poutres  laterales 

Ces  poutres  ont  £t£  dimensionn£es  pour  reprendre 
chacune  200  daN,  ce  qui  represente  50  l  de  I 'effort 
exerci  par  un  torse  de  40  kg  soumis  i  une  accelera¬ 
tion  de  20  g. 
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II  etait  impossible  de  reprendre  les  200  daN  affectes  a  chaoue  poutre 
uniquement  sous  les  epaules,  comme  le  font  les  bequilles  d'up  infirme,  les  epaules 
auraient  ete  repoussees  vers  le  haut  et  n'auraient  pas  retransmis  les  efforts  aux 
poutre  s . 

Un  v§tement,  une  sorte  de  gilet,  rendu  solidaire  des  poutres,  serrant  tr§s 
fortement  le  torse  lors  du  gonflement  de  la  structure  est  charge  de  retransmettre 
une  partie  des  efforts  gSngres  par  le  torse  soumis  4  1 'acceleration.  Le  serrage  est 
obtenu  par  des  sortes  de  cabestans  provoquant  le  raccourci ssement  des  differents 
perimetres  du  vStement  lors  du  gonflement  du  vStement. 

Vue  en  coupe  d'une  representation  du  systeme 

Steh'ont  hransvcr  tales  Ju  forsc- 


Sjst c  me. 
Tubes 


cu  repos 

vijes 


Seuls  sont  represents  le  vetement  support  et  les  cabeBtans 


la  tete  est  maintenue  sous  le  menton  et  autour  de  la  mSchoire  inferieure  par  une 
sorte  de  minerve  compose*  d'un  tore  gonflable  diametre  40  mm  soutenu  par  quatre  tubes. 


L'ensemble  ainsi  realise  ne  ressemble  guere  4  un  equipement  indlviduel  de 
securite  d'un  pilote.  Toutefois,  il  permettra  de  tester  les  principes  qui  ont  ete 
retenus  pour  soulager  la  colonne  vertebrate  lors  d'une  ejection. 


'*i*  vt  ywj  ■ 
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EQUIP EME N T  D' EVALUATION 


Premiere  Evaluation 

Une  premiere  Evaluation  a  done  EtE  faite  au  Centre  d'Essais  en  Vol  de 
BrEtigny  (France)  dans  la  centri f ugeuse  du  laboratoire  de  MEdecine  AErospatiale  sur 
un  sujet  humain. 

OESCR  I  PI I E  DES  MOYENS  DE  MESURE 

Une  jauge  au  mercure  (longueur  520  mm)  est  fixEe  le  long  de  la  colonne 
vertEbrale  4  partir  de  deux  points  fixes  osseux  (vertEbre  cervicale  -  vertEbre 
,  lombaire).  L  *  a  1 longement  ou  le  raccourclssement  de  ce  capteur  entralne  une  variation 

de  rEsistance  qui  se  traduit  par  une  variation  de  tension.  Les  variations  de  tension 
ainsi  obtenues  sont  simplifiEes,  enregistrEes  et  contrfllEes  sur  un  voltmEtre  numE- 
rique.  L'Etalonnage  du  capteur  est  effectuE  et  l.a  tension  choisie  pour  les  mesures 
j  correspondent  a  des  longueurs  comprises  entre  550  mm  et  620  mm. 

i 

I 
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DEROULEMENT  DE  L'ESSAI 


Trois  types  de  lancement  de  la  centrifugeuse  par  moteur  electrique  sont 
realises,  de  1  a  5  Gz  par  paliers  successifs.  Le  premier  avec  le  gilet  non  gonfle,  le 
deuxieme  avec  le  gilet  gonfle  et  le  troisieme  sans  gilet. 

La  surveillance  est  assuree  par  camera  de  television  et  ecran  de  contrfile 
et  par  liaison  "phonie". 

RESULTATS 

(voir  graphes  page  suivante) 


Gilet  non  gonfle 

Des  1 ' accel eration  de  1,5  Gz ,  on  constate  un  raccourci ssement  du  capteur 
jusqu'4  environ  3,5  Gz  et  ensuite  un  allongement  progressif  jusqu'4  5  Gz  avec  pointe 
maxima  au  freinage.  Des  l'arret  de  la  centrifugeuse,  le  capteur  revient  4  sa  position 
de  depart.  Ces  differentes  modifications  traduisent  un  raccourci ssement  de  4  mm  et  un 
allongement  de  13  mm.  Le  raccourcissement  correspond  au  tassement  du  sujet  observe 
sur  1'ecran  de  contrdle  et  1 1 al longement  4  une  hyperflexion  de  la  region  cervicale 
dorsal e . 

Gi let  gonfle  -  2  bars 

A  aucun  moment,  il  n'y  a  de  variation  de  capteur.  Le  sujet  veri tabl ement 
bloque  dans  le  carcan  constitue  par  la  minerve  et  le  corset  ne  subit  ni  tassement,  ni 
hyperflexion  de  sa  colonne. 

Sans  gilet 

Comme  pour  le  gilet  non  gonfle,  il  y  a  en  premier  lieu  un  raccourcissement 
du  capteur  de  1,5  4  2,2  Gz ,  puis  un  allongement  progressif  jusqu'au  freinage.  Ces 
deplacements  sont  du  m6me  ordre  que  ceux  obtenus  avec  le  gilet  non  gonfle,  mais 
s 1 etabl i ssent  plus  precocement. 

L 1 al 1 ongement ,  comme  dans  le  premier  cas,  est  dfl  4  1 ' hyperfl exion  de  la 
colonne  cervico-dorsale.  Sa  precocite  d'apparition  s'explique  par  rapport  4  l'essai 
avec  gilet  non  gonfle  par  I'absence  de  maintien  de  la  tete  et  du  torse  par  la  minerve 
et  le  gilet  mAme  non  gonfle. 

CONCLUSION 


Cet  essai  a  permis  de  montrer  l'efficacite  du  principe  de 
vetement  sur  un  sujet  humain  au  cours  decelerations  +  Gz  subies  en 
La  colonne  vertebrale  semble  etre  moins  sollicitee,  lorsque  le  sujet 
gonfle . 


ce  type  de 
centrifugeuse. 
porte  le  gilet 


MESURE  DES  EFFORTS  EN  CENTRIFUGEUSE 

A  la  suite  de  cet  essai  favorable,  il  fut  decide  de  developper  un  moyen 
de  mesure  s'integrant  dans  le  siege  ejectable,  capable  de  determiner  les  valeurs  des 
efforts  repris  par  les  poutres  et  de  1 'effort  transmis  au  siege.  Ce  ir.oyen  de  mesure 
intitule  'balance'  est  loge  dans  le  baquet  du  siege  ejectable  4  la  place  du  paquetage 
de  survic. 


Le  serrage  du  torse  et  de  l'abdomen  provoque  par  le  vetement  lors  du 
gonflement,  la  compression  des  aisselles,  donnaient  quelques  inquietudes  au  Corps 
medical.  En  effet,  les  efforts  de  compression  pouvaient  engendrer  des  lesions  diffe¬ 
rentes  de  celles  que  nous  cherchions  4  reduire.  Le  vetement  fut  done  instrumente 
pour  pouvoir  mesurer  la  compression  dans  la  zone  sous-mammaire  ,  sous  les  aisselles 
et  au  niveau  du  creux  epigastrique. 

Une  nouvelle  serie  d'essais  en  centrifugeuse  fut  lancet,  d'une  part,  avec 
un  sujet  numain  et,  d'autre  part,  avec  le  torse  d'un  mannequin  (Hybrid  II  50  percent) 


Les  mesures  suivantes  furent  effectuees  : 

Sujet  humain  et  mannequin 

-  Effort  repris  par  les  poutres  laterales 

-  Effort  transmis  au  siege  par  la  colonne  vertebrale 

-  Compressions  torse  et  abdomen  par  serrage 
Mannequin  seul 

-  Effort  de  compression  dans  la  colonne  vertebrale  zone  dorso 
lombaire. 
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Les  parametres  choisis  furent  les  suivants  : 

-  Valeur  de  1 'acceleration  tete  siege 

-  Pression  relative  de  la  structure  gonflable  du  vetement. 

Les  valeurs  suivantes  de  ces  parametres  furent  retenues  : 

Acceleration 

Sujet  humain  0  -  5  g 

Mannequin  0  -  5  -  10  -  14  g 

Pression  relative  dans  le  vetement 

0  -  0,5  -  1  -  1,5  -  2  -  2,5  -  3 

Les  graphiques  resument  les  resultats  obtenus,  page  suivante. 


Le  comportement  du  mannequin  ou  du  sujet  humain  e t a i t  suivi  8  l'interieur  de  la 
cabine  de  la  centrifugeuse  par  une  camera-video  qui  permettait  de  bien  saisir  le 
deplacement  de  la  tete  et  1 ' enfoncement  sur  le  siege.  Des  cameras  rapides  filmaient 
le  comportement  des  poutres,  lorsque  1 ' accel erat ion  maximale  etait  obtenue. 

ANALYSE  DES  RESULTATS 


Nous  pouvons  cependant  faire  quelques  remarques  pour  mettre  en  relief  les 
resultats  les  plus  saillants. 

MANNEQUIN  (sans  les  jambes-masse  40  kg) 

Prenons  les  essais  effectues  a  14  g,  acceleration  voisine  de  celle 
exercee  par  un  siege  ejectable  de  la  nouvelle  generation. 

Lorsque  le  vetement  n'est  pas  gonfie,  le  mannequin  transmet  un  effort  de 
680  daN  au  siege,  I'effort  de  compression  dans  la  colonne  vertebrale  est  de  440  daN. 
Ces  chiffres  sont  suffisants  pour  expliciter  les  lesions  observees  sur  la  colonne 
vertebrale  trop  frequemment  obtenues. 

Lorsque  le  vetement  est  gonfie  8  2,5  bars  environ,  I'effort  transmis  au 
siege  n'est  plus  que  de  340  daN  et  les  poutres  reprennent  egalement  340  daN, 

I'effort  de  compression  dans  la  colonne  vertebrale  n'est  plus  que  de  60  daN. 

Ceci  montre  que  les  efforts  resultant  des  masses  situees  au-dessus  du 
niveau  de  la  jauge  de  contrainte  positionnee  dans  la  colonne  vertebrale  du  mannequin 
ont  ete  en  partie  repris  par  les  poutres.  L'effort  transmis  au  siege  s’en  trouve 
done  diminue.  Le  principe  de  protection  de  la  colonne  vertebrale  par  une  structure 
gonflable  porteuse  semble  etre  verifie,  tout  au  moins  avec  le  mannequin  Hybrid  II  - 
50  %. 

SUJET  HUMAIN 


Pour  des  raisons  de  securite,  lors  des  essais  sur  sujets  humains, 

1 ' accel eration  a  ete  limitee  8  5  g, 

Les  compressions  provoquees  par  le  serrage  du  vetement  etaient  assez 
faibles  pour  qu'on  puisse  les  negliger  dans  le  futur. 
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La  premiere  constatation  concerne  la  valeur  de  I 'effort  transmis  au  siege  par  le 
sujat  humain  par  rapport  3  sa  masse  totale  soumise  a  la  m&me  acceleration. 

La  masse  du  sujet  humain  est  de  85  kg,  soit  sous  5  g  425  dah  pour  une  acceleration 
de  5  g  I ' effort  maximal  repris  par  le  siege  est  de  340  daN,  soit  80  %  de  la  valeur 
precedente.  Le  siege  ne  supporte  done  pas  uniquement  les  efforts  fouih’s  par  le 
tronc . 

L'analyse  du  graphe  representant  les  essais  3  5  g  met  en  evidence  que  le  vetement 
gonfie  a  2,5  bars  permet  de  diminuer  de  50  %  la  valeur  de  1 'effort  transmis  au 
si ege . 

L'efficacite  est  done  egalement  demontree  sur  sujet  humain,  mais  3  5  g.  seulement. 

L'allure  generale  des  courbes  relatives  au  mannequin  et  au  sujet  humain  est  assez 
differente.  En  effet,  les  courbes  concernant  le  sujet  humain  temblent  etre  asympto- 
tiques  3  la  droite  horizontale  F  =  170  daN,  contrairement  aux  courbes  obtenues 
avec  le  mannequin  qui  ne  present  pas  d'asymptote  commune. 

Ceci  prouve  une  fois  de  plus  qu'il  est  difficile  et  dangereux  d'extrapoler  le 
comportement  d'un  equipement  sur  sujet  humain  3  partir  de  resultats  obtenus  avec 
un  mannequin. 

Les  moyens  video  3  1'interieur  de  la  cabine  de  la  centrifugeuse ,  la  description  des 
sensations  du  sujet  humain,  nous  permetter.t  de  dire  que  le  support  de  tete  dit 
'minerve'  ameiiore  le  maintien  de  la  tete,  tout  en  etant  assez  genant  au  cours  des 
essais  pour  le  sujet. 

TENTATIVE  SUR  RAMPE 

Une  s3rie  d'essais  de  lancers  de  siege  fijectable  3  la  rampe  fut  programmSe 
et  eut  lieu  ;  les  rSsultats  obtenus  ne  furent  pas  si gni f icati f s ,  etant  donne  qu'il  y 
avait  une  trop  grande  i ncompati bi 1 i te  avec  le  systeme  de  brelage  du  mannequin  sur 
le  siege  et  le  vetement  lui-m6me.  Avant  d'aborder  ce  type  d'essais,  il  fallait  done 
passer  par  une  phase  d' elaboration  de  la  definition  et  d'analyse  de  compat i bi 1 i te . 

CONCEPTION  D'UN  PROTOTYPE  UTI USABLE 


i 

I 

I 

i 

i 


Nous  avons  done  congu  un  prototype  assurant  les  memes  performances,  mais 
pouvant  etre  teste  et  utilise  dans  1' environnement  avion. 

L'aspect  gonflement  au  moment  de  rejection  de  ce  vetement  fut  egalement 
pris  en  compte  lors  de  cette  phase  de  definition.  L'obstacle  essentiel  fut  pour 
nous  la  duree  de  mise  en  forme.  La  generation  pneumatique  retenue  est  une  bouteille 
contenant  de  l'azote  comprime  sous  forte  pression,  reliee  au  circuit  pneumatique  du 
vetement  par  1 1  i ntermedi a i re  d'une  vanne,  dont  l'ouverture  est  commar.dee  par  un 
systeme  pyrotechnique . 

Le  circuit  pneumatique,  element  essentiel  du  vetement,  d'une  part, 
devait  conferer  les  performances  mecaniques  aux  poutres  gonflables,  d'autre  part, 
canaliser  avec  le  moins  de  perte  de  charge  possible,  le  fluide  azote. 

Nous  sommes  parvenus  3  obtenir  de  fagon  flable  un  temps  de  gonflement 
pour  une  pression  interne  relative  de  2,5  bars  de  0,1  seconde.  Ce  temps  est 
compatible  avec  une  sequence  d'ejection.  II  pourra  etre  ameiiore  dans  une.  phase 
d ' optimi sation  des  performances,  en  utilisant  des  containers  de  gaz,  dont  les 
diametres  de  passage  des  gaz  soient  plus  importants  et  egalement  en  utilisant 
de  1'heiium  comme  fluide. 


Le  graphe  ci-dessous  represente  l'allure  de  la  montee  en  pression,  3 
partir  de  1  *  initiation  du  gonflement. 


______  Minerve 
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Pour  modifier  la  structure  pneumatique  du  vfitement,  nous  nous  sommes  appuy&s  sur  la 
remarque  suivante  : 

.  gonfiees  a  2,5  bars,  les  poutres  pneumatiques  avaient  des  performances 
mecaniques  suffisantes,  alors  qu'elles  sont  capables  d'etre  gonfiees  8  5  bars,  elles 
sont  done  surdimensionnGes. 

L’equipement  ainsi  realise  a  done  l'asoect  represente  ci-dessous  : 


Ces  travaux  ont  permis  de  dSmontrer  la  validity  d'un  principe  de  protection  dc  la 
colonne  vertebrale  et  de  s'assurer  de  la  possibility  de  son  application  dans  l'envi 
ronnement  avion.  Cependant,  de  nombreux  probiemes  restent  8  resoudre  : 

-  Integration  de  la  generation  de  gonflement  dans  le  siege  ou  le 
paquetage 

-  Essais  en  grandeur  reelle  sur  sujet  humain 

-  Tailles  differentes 

-  P.eglages  en  fonction  des  mensurations  du  sujet 

-  Industrialisation 
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DISCUSSION 

UNIDENTIFIED  QUESTIONER 

Is  the  sequential  timing  of  the  system  such  that  suit  inflation  oeeurs  in  a  timely  manner? 

UNKNOWN  COMMENT 

The  suit  inflation  begins  at  the  moment  you  operate  the  seat  firing  handle.  The  suit  is  inflated  in  0. 10  seconds 
and  by  this  time  the  body  is  already  fully  loaded  by  the  ejeetion  gun;  therefore,  the  body  is  already  slumped  in  the 
seat . 

AUTHOR'S  REPLY 

The  suit  inflates  very  fast;  I  think  the  timing  is  fast  enough  to  be  effective.  (Remainder  of  tape  could  not  be 
transcribed) . 

DR.  HEARON  (USA) 

Regarding  the  latest  version  of  your  protection  device,  with  the  suit  deflated,  is  there  any  limitation  to  cervieal 
range  of  motion?  What  is  the  total  weight  of  the  garmet? 

AUTHOR’S  REPLY 

No  there  is  no  limitation  to  cervical  motion.  The  weight  was  not  provided. 
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THE  U.S.  NAVY  APPROACH  TO  CRASHWORTHY  SEATING  SYSTEMS 

by 

Marvin  Schulman 
Naval  Air  Development  Center 
Warminster,  PA  18974,  HSA 


SUMMARY 

The  U.S.  Navy  has  for  the  past  22  years  been  committed  to  the  support  of  a  number  of 
research  and  development  programs  to  improve  seating  systems  in  non-ejection  aircraft. 
This  committment  has  resulted  in  a  family  of  crashworthy  seats  which  have  gone  through 
considerable  testing  and  evaluation  to  demonstrate  their  capacity  to  manage  crash  loads 
and  to  limit  those  loads  transmitted  from  the  aircraft  to  the  crewmembers.  The  develop¬ 
ment  process  has  led  to  crashworthy  armored  and  unarmored  pilot/co-pilot,  troop,  nassen- 
ger,  gunner  and  specialty  seats.  However,  the  demonstration  that  these  seats  are  ef¬ 
fective  in  increasing  the  probability  of  survival  during  and  after  a  crash  does  not 
necessarily  mean  that  they  will  be  adopted  for  military  aircraft.  New  generation  heli¬ 
copters  will  require  crashworthy  seating  in  accordance  with  the  latest  Military  Specifi¬ 
cations,  but  retrofitting  current  operational  aircraft  with  advanced  seats  is  a  more  dif¬ 
ficult  undertaking.  The  acquisition  manager  must  make  the  final  decision  and  then  oro- 
vide  the  funding  to  support  the  effort. 


INTRODUCTION 

A  three  pronged  approach  is  being  used  by  the  U.S.  Navy  to  improve  aircrew  surviva¬ 
bility  by  way  of  non-ejection  seating  systems.  First,  several  exploratory  and  advanced 
development  seating  programs  are  funded  each  year  with  the  expectation  that  new  concepts 
and  improved  equipment  will  evolve  through  the  development  process  and  eventually  find 
their  way  into  both  fixed  wing  and  rotary  wing  military  aircraft.  This  is  a  long  term 
approach  aimed  at  continually  advancing  the  technology.  Second,  for  the  nearer  term, 
seating  systems  and  components  that  have  already  gone  through  the  initial  two  phases  of 
the  development  process  and  have  demonstrated  life  support  equipment  improvement,  are 
selectively  proposed  for  new  aircraft  or  as  retrof ittables  for  current  operational  Navy 
and  Marine  aircraft.  When  this  approach  is  used,  the  "on-the-shelf "  equipment  is  modi¬ 
fied  and  then  evalua  ad  for  the  specific  aircraft,  through  an  engineering  development 
program.  As  a  third  step  toward  improving  seat  crashworthiness.  Military  Soecif ications 
are  written  or  modified  as  new  concepts  are  proven.  These  specifications  are  then  im¬ 
posed  on  airframe  contractors  as  a  control  over  the  acceptability  of  their  equioment 
delivered  to  the  Navy  under  an  engineering  change  proposal. 

CRASHWORTHINESS 

Although  the  U.S.  Navy  has  had  active  programs  since  the  earlv  1950's  to  improve  the 
crashworthiness  of  non-ejection  seats  in  helicopter  and  fixed  wing  aircraft  (1) ,  the 
level  of  funding  to  support  these  efforts  seemed  to  always  border  on  modest  to  austere. 
Being  in  the  shadow  of  ejection  seat  technology  with  its  ability  to  attract  the  bulk  of 
research  anllars  no  doubt  played  an  important  part  in  deciding  how  much  of  the  military 
fiscal  pie  would  be  devoted  to  the  fixed  seating  community.  Table  1  gives  a  historic 
review  of  the  U.S.  Navy  sponsored  programs  for  crashworthy  seating  over  the  oast  25 
years.  During  this  time  much  of  the  development  activity  was  devot  d  to  exploratory 
development  programs  to  demonstrate  the  feasibility  of  energy  attenuation  devices  and 
crashworthy  techniques  as  applied  to  the  complete  array  of  naval  helicopter  seats. 

Prior  to  the  mid  1950's  when  the  term  "seating  crashworthiness"  was  used  it  was 
understood  to  mean  the  capacity  of  the  seating  system  to  withstand  imposed  crash  loads 
without  experiencing  failure  to  its  structure.  If  the  seat  remained  attached  to  the 
aircraft  floor  tracks  and  showed  no  gross  structural  failure,  then  it  was  considered 
crashworthy.  Terms  such  as  20-20-10  G's  (2)  were  used  to  describe  the  static  load 
factors  in  tha  Gz,  Gx,  and  Gy  directions  to  which  the  seat  and  a  weight  simulating  the 
human  (usually  a  tody  block)  were  required  to  be  exposed  without  extensive  damage.  If 
dynamically  tested,  inertial  forces  measured  on  the  weight  played  no  part  in  determining 
success  or  failure.  It  was  not  until  that  time  that  the  term  "crashworthiness”  took  on  a 
new  significance  and  meaning  among  the  seating  development  communitv.  With  the  develop¬ 
ment  and  demonstration  of  devices  to  dissipate  energy  (3)  through  the  controlled  defor¬ 
mation  or  working  of  metal,  a  means  existed  whereby  .'eating  systems  would  not  only  remain 
structurally  intact  but  occupant  exposure  to  acceleration  could  be  maintained  below  a 
physiologically  injurious  level.  "Crashworthy  seating”  now  became  synonymous  with  sur¬ 
vivability  and  seat  structural  integrity;  a  contributing  factor  rather  than  the  only 
criteria  for  judging  the  success  or  failure  of  a  seating  system.  In  the  later  1960 ’s  to 
early  1970' s  the  U.S.  Navy  programs  for  seats  had  advanced  to  the  point  that  several 
systems  had  gone  through  a  sufficient  amount  of  development  tests  to  make  them  potential 
candidates  for  eventual  incorporation  into  operational  aircraft  (4)  (5)  (6).  However, 
the  prime  importance  of  this  initial  work  was  to  support  and  instill  confidence  in  the 
private  industry  sector  that  crashworthy  seating  was  a  technology  whose  time  has  come. 
Along  with  the  development  which  led  to  "on-the-shelf"  hardware,  the  Navy  published 
Military  Specification  MIL-S-81771A  (7)  for  energv  attenuating  seats  in  non-ejection 
seating  aircraft. 
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TABLE  1.  U.S.  NAVY  CRASHWORTHY  DEVELOPMENTS 


DATE 

TITIE 

DESIGNER 

PROGRAM  OBJECTIVE 

REF.  NO. 

1956 

CREW  SEAT/E/A  DEVELOP¬ 
MENT 

AEROTHERM 

DEVELOP  TUBE  &  OIE  E/A  SYSTEM  FOR 

USE  IN  CREW  SEATS 

3 

1957 

F7U-3  EJECTION  SEAT  E/A 
DEVICE 

NAOC 

MINIMIZE  BACK  INJURIES  BY  USING  SST 
STRAP 

26 

1962 

WIRE  BENOER  E/A  CONCEPT 

VAN  ZELM/ 
NADC 

DYNAMICALLY  TIE  ENERGY  ATTENUATION 
PROPERTIES 

- 

1964  -  1965 

CW  TROOP  SEAT  (SIOE 

FACING) 

BOEING/ 

VERTOL 

DEVELOP  TROOP  SEAT  USING  WIRE  PUL¬ 
LING  LL  &  FRANGIBLE  TUBE  LL  STRUT 

27 

1966  -  1967 

CW  NET  CUSHIONEO  CREW 

SEAT  (PHASE  1) 

STENCEL 

DEVELOP  CRASH  ATTENUATING  SEAT  USING 
SST  E/A  RODS  6  CABLES 

28 

1968 

CW  ARMOREO  CREW  SEAT 
(SERIES  1) 

BOEING/ 

VERTOL 

DYNAMICALLY  TfcE  CREW  SEAT  USING  TUBE 
PLARING  E/A  STRUTS 

29 

1969 

ENERGY  ATTENUATION 
CRITERIA 

NADC 

DYNAMICALLY  T6E  COMMERCIAL  E/A 

OEVICES 

30 

1969 

CW  ARMORED  CREW  SEAT 
(SERIES  11) 

NAOC 

MOOIFY,  T6E  SERIES  1  SEAT  USING 
TOR-SHOK  E/A  STRUTS 

4 

1969 

DESIGN  STUDY  OF  LIGHT¬ 
WEIGHT  ARMOREO  HELO  SEAT 

BUDD 

ESTABLISH  OESIGN  PARAMETERS  FOR 

ARMOREO  HELICOPTER  SEAT 

39 

1970  -  1971 

CW  NET  CUSHIONED  CREW 

SEAT  (PHASE  11) 

NADC 

MOOIFY,  T&E  PHASE  1  SEAT  USING 

TOR-SHOK  E/A’S 

5 

1970 

MIL-S-81771 (AS) 

NADC 

INTRODUCE  DYNAMIC  CRASH  LOADS  REQUIRE¬ 
MENT  INTO  FIXEO  SEAT  SPECIFICATIONS 

31 

1970  -  1972 

CW  TROOP  SEAT  (FWO/AFT/ 
SIDE  FACING) 

BOEING/ 

VERTOL 

OEVELOP  CW  TROOP  SEAT  USING  CEILING 
ATTACHED  WIRE  BENOER  E/4  DEVICES 

15,  16 

1970  -  1971 

ENERGY  ABSORBER  OESIGN 
CRITERIA 

BETA 

OETERMINE  OPTIMUM  E/A  PROFILE  I.E. 

NOTCH EO  F-0  CURVE  CUMULATIVE  PROBA¬ 
BILITY  OF  INJURY,  OR I 

32,  33 

1970  -  1971 

ARMOREO  E/A  CREW  SEAT 

ARA 

DEVELOP  TRI-AXIAL  E/A  ARMOREO  SEAT 

WITH  TOR-SHOKS 

34 

1970  -  1974 

IMPROVEO  PESTPAINT  SYSTEM 

BUDD 

INVESTIGATE  USE  OF  LOW  ELONGATION 
WEBBING  FOR  RESTRAINTS 

35,  36 

1971 

SURVEY  OF  NAVAL  AIRCRAFT 
CRASH  ENVIRONMENTS 

OYNAMIC 

SCIENCE 

IDENTIFY  AREAS  FOR  NEEDED  IMPROVE¬ 
MENT  IN  STRUCTURAL  DESIGN 

37 

1972  -  1973 

UH-1  CW  ARMORED  PILOT 

SEAT 

ARA 

RETROFIT  TRI-AXIAL  E/A  SEAT  FOR  UH-1 
HELO 

6 

1974  - 

INFLATABLE  BODY  AND  HEAD 
RESTRAINT 

NADC/ 

TH IOKOL 

OEVELOP  CRASH  ACTUATED  INFLATABLE 
RESTRAINT  SYSTEM 

23 

1975 

MIL-S-8 177 1A (AS ) 

NADC 

INTRODUCE  CRASH  SURVIVAL  OESIGN 

PULSES  fc  ENERGY  ATTENUATION  REQUIRE¬ 
MENTS 

7 

1974  -  1978 

CH-46E  CW  ARMORED  CREW 
SEAT 

VERTOL/ 

ARA 

RETROFIT  CW  ARMORED  CREW  SEAT  (SLEP) 

- 

1974  -  1978 

JAN  CW  STANDARDIZED  CREW 
SEAT 

ARA 

DEVELOP  ARMORED  CREW  SEAT  TOR  ARMY/ 
NAVY  AIRCRAFT 

38 

1975  - 

LAMPS  SEATING 

SIKORSKY 

PROGRAM  MANAGEMENT  OF  CFE  SEATING 
EFFORTS 

- 

1976  -  1977 

NOTCHED  E/A  PROGRAM 

BETA/ 

NADC 

DETERMINE  FEASIBILITY  OF  NOTCHED  E/A 
CONCEPT  (PABRICATION  &  PERPORMANCE) 

- 

1976  -  1978 

CW  UNARMORED  CREWMAN 

SEAT 

ARA 

OEVELOP  LIGHTWEIGHT  CW  CREW  SEAT 

- 

1977  -  1978 

CW  GUNNER'S  SEAT 

ARA 

OEVELOP  CW  GUNNER  SEAT  (SIDE  FACING) 
WITH  MODULAR  ARMOR 

11 

1978  - 

CW  MILITARY  PASSENGER 

SEAT 

ARA/ 

VERTOL 

DEVELOP  CW  MILITARY  PASSENGER  SEAT 

FOR  FIXED  WING  AIRCRAFT 

19,  20, 
21 

UNDATEO 

MI L-S-855 1 0 (AS! 

ARMY /NAVY 

NEW  CW  SPEC  FOR  TROOP /PASSENGER  SEATS 

17 

1 9Bu 

CW  TfcE  TROOP  SEATS 

ARA  l 

BOEING/ 

VERTOL 

TfcE  TWO  TROOP  SEAT  OESIGNS 

14 

1980 

VARIABLE-LOAD  E/A 

SIMULA 

DEVELOP  VARIABLE-LOAD  E/A  FOR  PILOT/ 
CO-PILOT  SEAT 

25 

1981 

PARAMETRIC  STUDY  OF 

SEAT  DESIGN 

ARMY/ 

NAVY/ 

PAA 

SYSTEMATIC  APPROACH  TO  SEAT  DESIGH 

DRIs 

SLEP: 

CFE: 


LEGEND: 

OYNAMIC  RESPONSE  INOEX 
SERVICE  LIFE  EXTENSION  PROGRAM 
CONTRACTOR  FURNISHED  EQUIPMENT 


E/A: 

ENERGY  ABSORBER 

LL> 

LOAD 

LIMITING 

SST: 

STAINLESS  STEEL 

T6E 

TEST 

6  EVALUATE 

CW: 

CRASHWORTHY 

FD: 

FORCE 

DISPLACEMENT 
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CRASHWORTHY  PILOT/CO-PILOT  SEATS 

The  opportunity  to  use  this  specification  for  crashworthy  seating  came  when  the  U.S. 
Navy  decided  to  improve  its  inventory  of  CH-4  6  helicopters  through  a  Service  Life 
Extension  Program  (SLEP) .  As  a  result  of  a  concerted  marketing  effort  by  the  Navy's 
research  and  development  sector,  it  was  able  to  convince  the  CH-46  acquisition  manager 
that  crashworthy  pilot  and  co-pilot  seats  should  be  part  of  the  total  helicopter  improve¬ 
ment  program.  The  fact  that  the  acquisition  manager  could  examine  prototype  hardware 
and  review  test  results  to  access  the  extent  of  risk  to  his  program,  was  a  major  factor 
in  the  decision  to  go  with  crashworthy  seats.  However,  the  success  in  "selling"  these 
seats  was  due  primarily  to  a  strong  requirement  born  out  of  the  failure  history  of  the 
two  operational  seats  being  replaced.  Each  of  those  armored  seats  weighed  approximately 
125  kg  (275  lbs)  as  a  result  of  armor  modules  being  mounted  onto  a  conventional  tubular 
unarmored  crew  seat.  It  is  no  wonder  that  with  this  increased  weight  for  ballistic  pro¬ 
tection,  a  series  of  seat  retention  failures  took  place  during  hard  landings  and  crash 
situations.  Several  changes  had  been  made  to  improve  the  seat  retention  capability  with 
the  armored  modules  installed.  The  last  of  these  was  the  inclusion  of  an  inertia  reel 
mounted  on  the  aircraft  bulkhead  directly  in  back  of  the  seat  with  the  strap  portion 
attached  to  the  seat.  Its  purpose  was  to  react  some  of  the  load  into  the  bulkhead  re¬ 
lieving  the  load  at  the  seat-track  interface.  However,  the  inertia  reel  proved  to  be 
ineffective  for  retaining  the  seat  on  the  tracks  and  principally  served  to  keeo  the  seat 
and  occupant  from  catapulting  through  the  forward  portion  of  the  cockpit. 

Since  this  program  was  basically  a  retrofit  of  new  seats  into  a  operational  air¬ 
craft,  many  constraints  were  placed  on  the  seat  design,  leading  to  trade-offs  in  per¬ 
formance.  Alteration  of  cockpit,  layout  of  controls,  consoles  and  equipment  were  con¬ 
sidered  outside  the  scope  of  the  program.  Floor  structure  was  to  be  modified  only  to 
the  extent  that  the  seat  track  and  its  tie-down  points  could  be  improved  to  react  to 
crashloads.  Since  the  eye  reference  point  had  to  be  maintained  in  its  original  position, 
the  location  and  dimensions  of  the  seat  were  fairly  well  fixed.  A  maximum  bucket  to 
floor  clearance  of  16.5  cm  (6.5  in.)  was  available  with  the  seat  adjusted  to  its  full 
down  position.  This  amount  of  clearance  is  hardly  sufficient  to  realize  the  full  energy 
attenuating  potential  of  a  properly  designed  crashworthy  seat.  However,  tesiting  did 
indicate  that  the  new  CH-46  seat  with  the  same  ballistic  protection  as  the  original  but 
weighing  34  kg  (75  lbs)  less,  performed  significantly  better  than  the  original.  When 
subjected  to  a  crash  pulse  representing  the  95th  percentile  potentially  suivivable 
accident  (48Gz  combined  axis),  the  seat  stroked  fully  and  maintained  its  structural 
integrity  and  attachment  to  the  aircraft  floor.  As  a  comparison,  the  operational  seat 
which  had  never  undergone  dynamic  testing,  had  an  "advertized"  structural  capability  of 
reacting  static  load  factors  of  lOOz,  15Gx  and  llGy.  Because  of  the  new  seat's  limited 
stroking,  the  dummy  decele-- _ ' ve  load  in  the  Gz  direction  exceeded  design  limits  quoted 
in  the  literature,  although  the  physiological  consequence  of  doing  so  is  not  clearly 
stated.  Gross  injury  predictors  such  as  the  Eiband  Curve  (8) ,  Head  Injury  Criteria  (9) 
and  Dynamic  Response  Inaex  (10)  are  used  to  set  finite  acceleration  limits  for  design 
purposes  but  certainly  need  more  refinement  in  terms  of  experimentation  and  data  base  to 
accurately  predict  extent  of  injury.  The  16.5  cm  (6.5  in.)  limitation  may  have  reduced 
the  seats'  full  effectiveness  against  the  most  severe  survivable  crash  pulse  but  as  a 
retrofittable  it  vastly  improved  the  marginal  performance  of  its  oredeceusor  by  making 
the  best  use  for  relative  displacement  of  the  seat  and  occupant  with  respect  to  the  air¬ 
frame.  Figure  1  shows  the  seat  installed  in  a  CH-46E  helicopter. 

Another  opportunity  for  the  introduction  of  crashworthy  crewmember  seating  came  when 
the  U.S.  Navy  decided  to  purchase  the  Sikorsky  SH-609  Seahawk  helicopter.  Once  again 
MIL-S-81771A  was  used  as  the  control  document  for  the  pilot/co-pilot  and  sensor  operator 
seats.  Unlike  the  CH-46  retrofit  program,  the  SH-60B  is  a  new  aircraft  which  has  been 
designed  to  meet  the  same  stringent  crashworthy  requirements  as  the  U.S.  Army's  UH-60A 
Black  Hawk.  The  Army  design  criteria  from  their  "Aircraft  Crash  Survival  Design  Guide* 
(11),  MIL-STD-1290  (12)  and  MIL-S-58095  (13)  resulted  in  the  first  U.S.  helicopter  which 
truly  integrates  crashworthy  features  into  the  total  aircraft  at  the  earliest  stages  in 
the  design  process.  The  piiot/co-pilot  unarmored  seat  systems  in  the  SH-60B  have  the 
capability  of  stroking  a  full  40.6  cm  (16  in.)  from  the  up  position  because  of  addition¬ 
al  clearance  provided  by  a  floor  well  beneath  each  seat.  The  sensor  operator  seat  can 
stroke  35.5  cm  (14  in.)  from  its  full  up  adjustment.  A  floor  well  is  not  included  at 
this  seat  location. 

Two  more  helicopters  have  just  recently  been  designated  for  improved  pilot/co-pilot 
seats.  Both  the  CH-53  and  H-2  acquisition  managers  have  funded  programs  to  retrofit 
their  aircraft  with  cockpit  crashworthy  seating.  As  with  the  CH-46  retrofit,  the  ex¬ 
tent  of  improvement  over  the  replaced  seats  will  depend  on  dimensional  constraints 
within  the  cockpit. 

CRASHWORTHY  TROOP  SEATS 

A  particularly  challenging  crashworthy  development  undertaken  by  the  Navy  has  been 
troop  seats.  Current  seats  can  support  a  100  kg  (220  lbs)  occupant  with  a  static  over¬ 
load  factor  of  10  in  the  down  direction  and  1.1  in  the  lateral  direction.  They  will 
stay  intact  only  at  the  lowest  deceleration  levels  when  dynamically  tested.  Troop  seats 
are  fabricated  of  extremely  light  materials  because  of  weight  restrictions  and  come  in 
several  different  configurations,  single  and  multiple  bench  sizes.  The  seats  must  be 
easily  removed  and  readily  stowable.  In  some  aircraft  they  are  mounted  so  that  the 
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occupant  faces  forward  or  rearward.  In  the  larger  aelicopters,  such  as  the  CH-53  and  CH- 
46,  they  are  mounted  along  the  bulkhead  with  the  occupants  facing  sideward.  Obviously 
these  combined  features  present  a  formidable  design  oroblem  to  the  engineer  exoected  to 
upgrade  their  crashworthiness.  However,  the  development  challenge  has  met  with  varying 
degrees  of  success  depending  on  the  seat  configuration  in  the  aircraft.  Crashworthy 
forward  facing  troop  seats  have  been  developed  and  extensively  tested  (14).  although 
the  very  ambitious  design  goals  originally  set  for  them  to  withstand  the  most  severe 
potentially'  survivable  crash  were  not  quite  reached  in  the  Navy  program,  they  were  able 
to  perform  without  failure  close  to  these  limits.  Side  facing  seats  were  also  developed 
and  tested  (15)  (16) .  They  came  close  to  meeting  Design  goals  which  were  set  lower  than 
the  forward  facing  seat  because  of  the  asymetrical  loading  applied  to  the  aft  side  of 
the  seat  when  subjected  to  a  crash  in  the  forward  direction.  Comparing  the  low  strength 
operational  troop  seats  to  these  crashworthy  seats,  it  was  evident  that  dramatic  improve¬ 
ments  have  been  made.  They  not  only  showed  a  significant  increase  in  structural  integrity 
but  also  reduced  the  acceleration  loading  on  the  occupant  through  energy  attenuation 
techniques.  Figure  2  shows  one  version  of  a  troop  seat  developed  for  the  Navy. 

At  a  later  date,  the  U.S.  Army  sponsored  a  program  which  took  the  initial  Navy  work 
and  with  improvements  to  the  design,  successfully  demonstrated  that  the  seat  met  the 
performance  criteria  of  the  latest  joint  Army /Navy  specification  for  troop  seats  (17) . 

The  seat  was  taken  through  the  entire  development  process  and  is  currently  operational 
in  their  UH-60A  helicopter.  The  Navy  expects  to  use  a  similar  version  of  this  seat  in 
their  SH-60B  helicopter. 

Whether  crashworthy  troop  seats  move  into  other  operational  aircraft  depends  on  the 
acquisition  managers  for  each  aircraft.  Ultimately,  they  must  decide  where  to  invest 
their  allocated  funds  and  it  is  understandable  that  there  are  a  myriad  of  other  expendi¬ 
tures  and  potential  acquisitions  which  could  be  competing  with  crashworthy  troop  seats 
for  their  support.  Aside  from  cost,  a  weight  penalty  is  associated  with  any  retrofit  of 
improved  troop  seats  and  may  well  influence  any  decision.  For  example,  analysis  showed 
that  a  weight  increase  of  175  kg  (385  lbs)  would  be  incurred  in  the  CH-53E  helicopter 
with  the  retrofit  of  55  seats.  This  figure  j  >  based  upon  crashworthy  troop  seats 
weighing  approximately  5.4  kg  (12  lbs)  each  versus  the  2.3  kg  (5  lbs)  seats  they  will 
replace.  The  additional  weight  could  be  compensated  by  the  elimination  of  two  stations 
from  the  total  capacity  of  the  aircraft.  Obviously  the  weight  penalty  for  helicopters 
such  as  the  H-l,  H-2  and  H-3  which  carry  a  limited  number  of  passenger's,  would  be  much 
smaller  and  not  a  critical  influencing  factor  in  the  acceptance  of  crashworthy  troop 
seating. 

CRASHWORTHY  GUNNER/CREW-CHIEF  SEATS 

Along  with  the  development  of  troop  seats  another  effort  was  directed  toward  the 
design  of  a  crashworthy  Gunner/Crew-Chief  seat  for  helicopters  such  as  the  UH-1,  CH46 
and  CH-53  (18).  These  seats  require  more  rugged  structure  than  troop  seats  but  are 
less  elaborate  than  pilot/co-pilot  seats.  Normally  mounted  side  facing  in  the  aircraft, 
they  are  subjected  to  harder  use  and  must  support  an  occupant  wearing  an  armored  pro¬ 
tective  vest.  In  addition,  the  design  selected  for  development  featured  a  modular 
armored  seat  pan  which  could  be  installed  under  the  comfort  cushion  for  additional  bal¬ 
listic  protection.  During  non-combat  missions  the  armor  is  readily  removable  for  storage 
off  the  aircraft.  Total  weight  of  the  seat  with  the  module  is  24  kg  (53  lbs).  Without 
the  armored  seat  pan  it  weighs  12  kg  (26  lbs).  The  seat  was  designed  to  distribute  the 
crash  forces  between  the  upper  and  lower  seat  tie-downs  to  the  aircraft.  Figure  3  shows 
a  drawing  of  the  seat  (similar  to  the  troop  seat)  with  its  array  of  floor  attached  and 
ceiling  attached  energy  attenuators.  These  devices  are  arranged  to  stroke  in  series, 
stabilizing  the  seat  as  it  moves  during  the  impact.  A  series  of  dynamic  crash  tests 
conducted  on  the  Navy's  Vertical  Drop  Tower  proved  the  feasibility  of  this  approach. 

The  performance  of  the  seat  established  that  the  design  met  the  crashworthiness  objective. 
Integration  of  the  design  into  a  new  aircraft  would  not  be  a  problem.  However,  using  this 
design  as  a  retrofit  for  aircraft  such  as  the  CH-46  or  53  would  be  a  more  formidable  task. 
Since  the  seat  is  anchored  by  energy  attenuators  from  above  and  below  it  will  require  a 
modification  to  the  aircraft  structure  to  attach  the  upper  seat  attenuators  into  the 
airframe.  Preliminary  analysis  indicated  that  installation  of  a  Gunner/Crew-Chief  seat 
can  be  made  with  minimal  structural  reinforcement  since  the  series  design  of  the  upper  and 
lower  energy  absorber  configuration  reduces  the  ceiling  load  reaction. 

CRASHWORTHY  PASSENGER  SEATS 

The  primary  objective  of  this  Navy  effort  was  to  design  and  fabricate  military 
passenger  seats  which  demonstrate  crash  safety  and  comfort.  State-of-the-art  seat 
technology  can  now  offer  these  features  in  a  cost  effective  way.  It  is  anticipated  that 
crashworthy  passenger  seats  could  prevent  nearly  50  percent  of  the  fatalities  and  serious 
injuries  occurring  in  survivable  transport  aircraft  crashes  without  paving  a  weight 
penalty  for  the  new  technology. 

Two  types  of  passenger  seats  have  been  developed  and  tested  (19)  (20)  (21)  .  One  is 
a  forward  facing  seat  and  the  other,  rear  facing.  Each  seat  is  a  bench  type  with  sepa¬ 
rate  back  rests  and  is  capable  of  supporting  two  occupants.  A  series  of  dynamic  tests 
performed  on  both  types  proved  the  feasibility  of  using  either  approach  to  react  a  crash 
pulse  of  24  G's  (peak  acceleration)  with  an  impact  velocity  change  of  15.2  m/sec  ^50 
ft/sec).  A  representative  seat  orientation  for  a  combined  horizontal  crash  of  20  pitch, 
10°  yaw  and  25.8°  roll  was  used  for  the  tests.  In  the  case  of  the  rear  facing  seat. 
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floor  deformation  of  the  aircraft  was  simulated  by  distorting  one  mounting  track  10  de¬ 
grees  in  pitch  and  rolling  the  other  track  10  degrees.  This  floor  distortion  was  chosen 
to  maximize  stresses  produced  in  the  seat  and  represents  a  realistic  crash  occurance. 
Figure  4  and  5  show  the  rear  facing  seat  installed  on  a  fixture  in  its  ore  and  Dost  test 
position  (note  floor  track  distortion) . 

The  technology  demonstrated  in  this  Navy  urogram  is  directly  applicable  to  commercial 
aircraft  carriers.  As  a  matter  of  inter-agency  cooperation,  the  federal  Aviation  Agency 
(FAA)  participated  in  the  program  through  the  use  of  their  Civil  Aeromedical  Institute 
test  facility.  In  comparison  to  the  crashworthy  passenger  seats,  the  present  17 AA  com¬ 
mercial  aircraft  requirement  for  occupant  inertia  forces  relative  to  seat  structure  during 
an  emergency  landing  is;  2.0  G  upward,  9.0  G  forward,  1.5  G  sideward  and  4.5  G  downward 
(22).  It  is  evident  from  these  values  that  a  considerable  crashworthy  improvement  could 
be  obtained  with  new  seats  designed  to  the  technology  shown  feasible  by  this  program. 

RESTRAINT 

As  a  complimentary  program  to  crashworthy  seating,  the  Navy  has  an  ongoing  joint 
effort  with  the  U.S.  Army  to  develop  a  restraint  known  as  "Inflatable  Bodv  and  Head 
Restraint  System,  (IBAHRS)."  Previously  designed  and  developed  under  a  Navy  program  to 
show  feasibility  of  approach  (23) ,  the  services  have  joined  together  to  accelerate  the 
development  of  IBAHRS  because  of  the  solutions  it  offers  to  present  day  restraint  inade¬ 
quacies.  The  Army's  interest  is  driven  by  a  concern  that  during  a  hard  landing  or  crash 
of  certain  helicopters,  crewmembers  are  likely  to  strike  optical  equipment  directly  in 
front  and  in  close  proximity  to  their  heads.  IBAHRS  holds  the  potential  of  reducing  this 
hazard.  The  U.S.  Navy  also  has  the  same  concern  but  locks  upon  IBAHRS  as  a  viable  candi¬ 
date  for  incorporation  in  all  its  helicopters. 

Present  day  crewmember  restraint  consists  of  a  pair  of  shoulder  harnesses  and  a  lap 
belt  fitted  together  at  a  single  point  release  buckle.  The  normal  adjustment  of  the 
harness  allows  some  free  movement  of  the  occupant  during  mission  performance.  If  a 
crash  is  imminent,  the  crewmembers  are  advised  to  position  their  backs  against  the  seat 
allowing  the  inertia  reel  to  take  up  excessive  strap  length.  However,  some  slack  will 
remain  in  the  restraint  as  a  result  of  its  initial  adjustment.  It  has  been  demonstrated 
that  a  slack  harness  reduces  the  effectiveness  of  a  restraint,  increasing  dynamic  over¬ 
shoot  and  the  probability  of  severe  injury  during  a  potentially  survivable  crash.  A 
loose  lap  belt  could  also  contribute  to  occupant  submarining,  adding  to  the  probability  of 
debilitation. 

If  the  crewmembers  have  sufficient  time  and  presence  of  mind,  they  could  lock  the 
inertia  reel  and  then  tighten  each  of  their  harness  straps  removing  as  much  slack  as 
possible.  It  is  not  likely  under  the  stressful  situation  of  an  impending  crash  that 
they  will  go  through  this  procedure.  IBAHRS  was  developed  as  a  passive  system  which 
would  automatically  tighten  the  harness  at  the  onset  of  a  crash.  It  uses  an  inflatable 
which  upon  expanding,  pretensions  the  straps  and  forces  the  occupant  back  against  the 
seat.  This  action  reduces  the  dynamic  overshoot  effect  and  restricts  the  bodv  and  head 
motion  of  the  wearer,  lessening  his  chances  of  striking  cockpit  objects.  Strap  loading 
concentration  on  the  torso  is  reduced  because  of  the  large  bearing  surface  spread  across 
the  wearers  body  when  the  restraint  inflates.  A  crotch  strap  is  used  to  prevent  sub¬ 
marining  by  the  occupant. 

IBAHRS  has  three  main  subassemblies:  (a)  the  harness/bladder,  (b)  the  solid  propel¬ 
lant  gas  generator  or  inflator  and  (c)  the  omnidirectional  crash  sensor  system.  Figure  6 
is  an  illustration  of  the  various  parts  showing  the  location  of  the  inflators  within  the 
bladders  and  the  remote  sensor  hookup  to  the  aircraft's  electrical  system.  The  operation 
of  IBAHRS  is  as  follows:  A  crash  sensor  system  located  on  the  cockpit  floor  rapidly 
detects  the  occurance  of  a  helicopter  crash  (recognizing  a  crash  signature  of  a  particular 
magnitude)  and  through  a  wire  connected  circuit  closure  fires  an  electrical  squib  in  each 
generator  mounted  within  the  left  and  right  hand  bladders.  The  bladders,  manufactured  of 
high  strength  material  are  attached  to  the  underside  of  conventicnal  shoulder  straps  and 
are  neatly  folded  and  held  in  place  so  that  the  appearance  of  the  system  shows  little 
alteration  from  current  restraints.  Upon  detonation,  the  generators  produce  a  non-toxic 
gas  which  unfurls  and  fills  the  bladders  in  less  than  20  milliseconds,  figure  7  shows  the 
inflatable  bladders  and  their  installation.  After  approximately  one  second  the  gas  pres¬ 
sure  is  relieved  within  the  bladders.  Testing  of  the  system  under  simulated  crash  con¬ 
ditions  has  shown  significant  load  reductions  on  the  occupant  and  the  ability  to  take-uo 
almost  any  amount  of  harness  slack. 

A  SYSTEMS  APPROACH 

Crashworthy  seating  is  only  one  part  of  an  overall  approach  to  crash  survivability. 

It  makes  little  sense  to  concentrate  on  seating  systems  for  aircraft  such  as  the  CH-46  or 
CH-53  without  considering  their  compatibility  with  cargo.  It  is  usual  operational  pro¬ 
cedure  to  carry  a  mix  of  passengers  and  cargo  during  a  flight.  If  the  cargo  should  break 
away  from  its  aircraft  tie-down  at  the  onset  of  a  crash,  the  probability  of  survival 
becomes  nil.  The  concern  over  the  interaction  of  the  cargo  with  personnel  is  only  one  of 
many  issues  which  must  be  addressed  and  program  managers  would  be  remiss  if  they  do  not 
use  a  systems  approach  to  crashworthiness.  This  involves  the  process  of  examining  all  the 
consequences  of  a  crash  that  may  contribute  to  injury  or  fatality.  It  does  no  good  to 
survive  a  crash  through  a  sophisticated  seating  system  only  to  have  the  individual  sub¬ 
sequently  drowned  in  a  sinking  helicopter  or  gravely  injured  because  of  fire. 
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The  Navy  is  addressing  the  total  problem  of  crash  survivability  in  its  Helicopter  Air¬ 
crew  Survivability  Enhancement  Program,  (HASEP).  Within  this  program  it  is  examining  dif¬ 
ferent  crash  scenarios  and  associated  hazards.  Crashworthy  seating  and  car ao  restraint, 
helicopter  flotation  and  sink  rate  retardation,  hatch  lighting  and  removal,  underwater 
breathing  and  crashworthy  fuel  cells  are  all  being  investigated  for  possible  incorporation 
as  retrof ittables  for  operational  helicopters  and  as  requirements  for  new  helicopters. 
Currently,  development  efforts  are  underway  to  provide  flotation/sink  rate  retardation  for 
the  heaviest  helicopters  in  the  U.S.  Navy.  Another  effort  is  on-going  to  develop  under¬ 
water  hatch  lighting  systems.  The  initial  phase  of  a  program  has  recently  been  completed 
which  resulted  in  the  development  of  a  crashworthy  cargo  restraint  svstem  capable  of  main¬ 
taining  its  structural  integrity  and  tie-down  in  an  aircraft  (24) .  HASEP  intends  to  address 
all  of  the  potential  hazards  in  a  priority  order,  sponsoring  development  programs  to  solve 
the  problems  while  bringing  all  these  technologies  together  to  optimize  crash  survivability. 

ON-GOING  DEVELOPMENT 

The  development  of  hardware  is  an  iterative  process  in  which  products  are  moved  for¬ 
ward  to  the  operational  sector  while  further  refinements  and  improvements  are  being  investi¬ 
gated.  As  a  typical  example,  the  crashworthy  pilot/co-pilot  seats  for  the  SH-60B  will  soon 
be  placed  in  operation  but  a  new  exploratory  development  program  is  in  progress  to  further 
improve  its  future  performance.  These  crashworthy  seats  are  presently  constrained  by 
single  load  limit  settings  which  match  the  effective  weight  of  a  50th  percentile  seat 
occupant.  Since  the  seat  must  also  accommodate  the  total  range  of  occupant  weights  ranging 
from  5th  through  95th  percentiles,  its  crash  performance  is  a  compromise  between  these 
extremes.  The  heavy  occupant  therefore  receives  a  "soft"  ride  during  the  stroking  of  the 
seat  while  the  lightweight  occupant  is  exposed  to  higher  accelerations  for  any  given  crash 
condition.  A  method  has  been  developed  which  overcomes  this  limitation  and  maximizes  the 
effectiveness  of  the  seat.  It  adjusts  the  limit  load  for  the  specific  weight  of  the  occu¬ 
pant,  optimizing  the  seat  system  performance  for  the  total  military  crewmember  weight 
distribution  (25) . 

The  SH-60B  uses  two  inversion  tube  energy  absorbers  as  its  load  limiters.  A  device 
has  been  conceived,  fabricated  and  tested  which  will  allow  the  seat  occupant  to  manually 
select  a  limit  load  value  corresponding  to  his  weight  including  equipment.  Figures  8,  9 
and  10  show  the  system  installed  on  a  seat.  By  adjusting  a  manual  control  dial  to  this 
weight,  a  flexible  shaft  is  rotated  and  in  turn  adjusts  the  energy  absorbers  to  the  proper 
limit  load  by  a  constricting  mechanism.  The  mechanism  consists  of  six  spherical  balls 
captured  by  a  ball  retaining  ring  and  a  ball  adjustment  ring  on  each  energy  absorber.  The 
spherical  balls  are  guided  within  cross  holes  in  the  ball  retaining  ring  which  is  riveted 
to  the  energy  absorber  housing.  The  adjustment  ring  has  six  "cammed"  or  "ramped"  surfaces 
which,  as  the  adjustment  rinq  is  rotated  by  the  flexible  shaft  worm  gear,  displaces  the 
balls  either  towards  or  away  from  the  centerline  of  the  inversion  tubes.  The  extent  of 
deformation  (grooving)  to  the  inversion  tubes  is  determined  by  the  position  of  the  balls, 
Figure  11.  A  series  of  dynamic  crash  tests  were  conducted  to  comparatively  test  and  evaluate 
the  performance  of  the  variable-load  energy  absorbers  against  the  single-load  energy  ab¬ 
sorbers  currently  being  used  on  the  SH-60B  seat.  When  a  5th  percentile  seated  dummy  was 
exposed  to  a  48G,  15.2  m/sec  (50  ft/sec)  crash  pulse  the  variable  energy  absorbers  allowed 
the  seat  pan  to  stroke  36.8  cm  (14.5  in.).  Under  identical  conditions,  the  single-load 
energy  absorbers  stroked  24.1  cm  (9.5  in.).  The  52  percent  increase  in  displacement  reduced 
all  plateau  acceleration  measurements  on  both  the  seat  pan  and  dummv  chest  cavity.  Calcu¬ 
lation  of  the  Dynamic  Response  Index  also  showed  a  significant  decrease  for  the  longer 
stroking  seat.  A  similar  test  comparison  using  95th  percentile  dummies  resulted  in  both 
seats  stroking  almost  the  same  distance,  28.2  cm  (11.1  in.)  versus  29.5  cm  (11.6  in.), 
which  is  within  the  design  range  of  displacement  for  the  95th  nerr entile  occupant  in  the 
full  down  position.  In  that  position  there  is  30.5  cm  (12  in.)  available  for  stroking  into 
the  floor  well  beneath  the  pilot/co-pilot  stations.  Had  the  seats  traveled  any  further 
during  the  tests,  they  would  have  "bottomed-out"  on  aircraft  structure.  Avoidance  of  such 
a  happening  was  a  design  constraint  at  the  upper  range  of  occupant  weights  for  either 
energy  absorption  system  and  both  performed  within  design  tolerance. 

CONCLUSION 

As  stated  previously,  development  of  crashworthy  seating  systems  has  been  undertaken 
to  bring  the  technology  up  to  a  level  where  it  would  be  considered  low  risk  for  final  point 
design  and  development  into  designated  aircraft.  By  initiating  new  programs  and  taking 
them  through  exploratory  and  advanced  development,  confidence  is  generated  in  two 
very  important  sectors;  1)  private  industry,  the  ultimate  supplier  of  the  equipment  and 
2)  the  military  acquisition  manager,  the  customer  for  the  designated  aircraft.  Both  must 
be  convinced  that  the  development  of  crashworthy  seating  systems  is  achievable  before  they 
will  participate  in  the  enterprise.  Without  that  confidence,  the  hardware  will  remain  "on- 
the-shelf,"  likely  not  to  advance  any  further  to  the  user  community.  Through  research  and 
development  programs  sponsored  by  the  U.S.  Navy  and  Army,  crashworthy  seating  for  non¬ 
ejection  aircraft  have  been  demonstrated  to  be  feasible,  cost  effective  and  ready  for 
incorporation  into  operational  aircraft.  Albeit  a  slow  process,  various  crashworthy  seats 
have  been  accepted  into  fleet  aircraft  and  it  is  hopefully  expected  that  all  military 
aircraft  will  be  outfitted  with  crashworthy  seating  systems  in  the  near  future. 
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FIGURE  1.  Seat  Installed  in  a 
CH-46E  Helicopter 


FIGURE  2.  Crashworthy  Troop 
Seat  -  Upper  and  Lower  Energy 
Absorbers 


FIGURE  3.  Gunner's  Seat 
with  Armored  Seat  Pan  and 
Upper/Lower  Energy  Absorbers 


FIGURE  4.  R'jrward  Facing 
Passenger  Seat 


FIGURE  5.  Rearward  Facing 
Seat  After  Stroking 
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SUMMARY 

Present  criteria  for  the  design  and  evaluation  of  crashworthy  aircraft  seats  have  been 
in  existence  since  1971.  Their  application  has  enabled  greatly  improved  seating  systems 
to  be  developed  and  put  into  use  in  modern  U.S.  Army  helicopters.  The  experience  gained 
during  the  development  and  qualification  of  these  production  systems  has  emphasized  the 
need  for  more  comprehensive  criteria.  An  interagency  effort  was  therefore  initiated  and 
sponsored  by  the  U.S.  Army  to  accomplish  this  goal.  Several  research  efforts  are  pres¬ 
ently  underway  to  provide  the  needed  information  to  develop  more  rigorous  and  comprehen¬ 
sive  design  and  evaluation  criteria,  to  more  completely  understand  the  complex  response 
of  the  human  occupant  and  seating  system  in  the  crash  environment,  and  to  maximize  the 
efficiency  of  such  systems  in  providing  crash  protection  to  the  occupant.  The  efforts 
now  underway  include  the  acquisition  of  additional  information  concerning  human  tolerance 
to  +G  loading,  the  development  of  a  standardized  test  dummy,  variables  testing  and  a 
sensitivity  analysis  to  determine  the  influence  of  the  many  variables  involved  on  the 
seat  and  occupant  response,  an  investigation  of  the  influence  of  the  test  subject  consid¬ 
ering  various  anthropomorphic  dummies  as  well  as  cadavers,  and,  of  course,  the  overall 
synthesis  and  interpretation  of  the  results  of  these  research  efforts.  This  paper  sum¬ 
marizes  these  projects,  reports  on  their  status,  and  presents  preliminary  results  of  the 
research  efforts. 


1.  INTRODUCTION 

The  new  generation  of  U.S.  Army  helicopters  possesses  unprecedented  crashworthiness,  as 
pointed  out  in  Reference  1.  These  aircraft  are  equipped  with  many  crashworthy  features, 
including  seats  designed  both  to  provide  efficient  restraint  in  all  loading  directions 
and  energy-absorbing  stroke  in  the  vertical,  or  +G  ,  direction.  The  seats  are  designed 
to  comply  with  existing  criteria  that  were  developld  and  documented  in  1971  (References 

2,  3,  and  4).  Although  these  seats  are  far  superior  to  any  prior  systems,  there  are  sev¬ 
eral  areas  of  uncertainty  in  the  design  criteria  that  require  additional  research  to  en¬ 
able  further  progress  to  be  made  in  the  hardware. 

First,  knowledge  concerning  human  tolerance  to  +G  acceleration  is  extremely  limited.  In 
fact,  little  new  information  concerning  human  tollrance  to  acceleration  in  this  direction 
has  been  developed  in  many  years.  Although  extensive  effort  has  been  expended  on  the  cri¬ 
tical  areas  of  human  head  and  neck  response  (U.S.  Navy)  and  the  effects  of  restraint  system 
variables  or  acceleration  loads  in  the  forward,  -G  ,  and  lateral,  G  ,  directions  (U.S.  Air 
Force),  essentially  no  effort  has  been  directed  inxthis  other  very  critical  direction.  The 
need  for  additional  knowledge  of  *G  response  is  affirmed  when  it  is  considered  that  air¬ 
craft  occupants  can  withstand  the  full  95th-percentile  survivable  crash  acceleration  con¬ 
ditions  in  the  lateral  and  longitudinal  directions  with  no  energy  absorption,  only  proper 
restraint  (a  complex  problem  when  related  to  the  head),  but  cannot  tolerate  the  95th- 
percentile  vertical  crash  pulse  without  energy  absorption. 

The  last  program  of  significance  to  investigate  the  variables  associated  with  vertical 
(♦G  )  acceleration  of  aircraft  occupants  was  sponsored  by  the  U.S.  Army  Air  Mobility  Re¬ 
search  and  Development  Laboratory,  Fort  Eustis,  Virginia,  (now  the  Applied  Technology 
Laboratory)  in  1969  and  1970.  The  results  of  this  program  are  presented  in  Reference  5. 

The  goal  of  this  earlier  program  was  to  evaluate  the  meager  information  then  available 
and  to  develop  an  achievable  criterion  to  guide  the  design  of  crashworthy  crewseats  for 
U.S.  Army  aviation.  This  task  was  accomplished,  and  the  resulting  criterion  has  now  been 
in  existence  for  the  past  ten  years. 

Techniques  used  for  the  design  and  evaluation  of  energy-absorbing  seating  systems  are 
explained  in  detail  in  References  1,  2,  4,  and  6;  however,  in  summary,  the  Eiband  human 
tolerance  data  with  upper  level  ejection  seat  criteria  superimposed  (as  presented  in  the 
Aircraft  Crash  Survival  Design  Guide,  Reference  7)  was  taken  for  the  upper  limit  of  tol¬ 
erable  acceleration  in  the  *Gy  direction.  Tests  and  analyses  were  then  conducted  to  es¬ 
tablish  the  force  level  necessary  on  the  vertical  energy-absorption  system  to  limit  the 
acceleration  excursions  of  the  seat  pan  to  magnitudes  of  le3S  than  23  G  for  time  dura¬ 
tions  in  excess  of  0.006  sec  as  dictated  by  the  tolerance  data.  The  test  results  indi¬ 
cated  that  if  the  energy-absorbing  mechanism  were  set  for  stroking  at  a  force  computed 
using  a  14.5-G  load  factor,  the  desired  result  could  be  achieved.  Test  data  supporting 
the  conclusions  of  this  analysis  are  presented  in  Reference  5. 
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In  seat  tests  conducted  during  the  ensuing  years,  a  characteristic  seat  pan  z-axis  de¬ 
celeration  response  was  observed.  In  this  characteristic  curve,  the  seat  pan  deceleration 
rises  sharply  during  the  onset  of  the  input  pulse,  then  drops  rapidly,  sometimes  passing 
through  zero.  It  then  rises  sharply  and  forms  a  secondary  spike  before  damping  out  around 
the  load  factor  used  in  the  design  of  the  energy-absorbing  system.  In  most  of  the  tests 
conducted  during  the  time  period  between  1971  (when  the  criteria  were  established)  and 
the  present,  the  secondary  spikes  have  exceeded  the  criteria  limit  of  23  G  and  have  been 
a  source  of  concern.  One  question  of  concern  is  whether  the  secondary  spike  is  a  natural 
response  of  the  seat  and  occupant  spring-mess  system,  or  if  it  is  caused  by  some  external 
source.  Also,  it  is  not  known  whether  the  acceleration  spike  is  hazardous  to  the  seat 
occupant. 

The  need  for  answering  these  questions  was  confirmed  in  August  1978,  during  qualification 
testing  of  the  O.S.  Army's  Black  Hawk  helicopter  crewseat,  when  the  secondary  acceleration 
spike  once  again  exceeded  the  criteria  limits.  At  that  time  it  was  decided  to  research 
the  data  available  and  to  attempt,  through  analysis,  to  determine  whether  the  secondary 
spike  did,  in  fact,  increase  the  hazard  to  the  occupant.  The  results  of  this  analysis 
indicated  that  the  secondary  spike  is  a  natural  response  of  the  seating  system  and,  in 
itself,  does  not  increase  the  hazard  to  the  occupant.  However,  the  analysis  also  indi¬ 
cated  that  the  crash  pulse  might  be  hazardous  to  the  occupant  at  times  other  than  during 
the  secondary  spike.  It  was  further  concluded  that  the  criterion  as  it  now  exists  is 
not  sufficiently  comprehensive,  and  that  additional  research  should  be  immediately  ini¬ 
tiated  to  both  establish  the  effects  of  system  variables  upon  seat  and  occupant  response 
and  expand  knowledge  in  the  area  of  human  tolerance  to  decelerative  loading  in  the  +G 
direction.  These  additional  data  constitute  a  necessary  prerequisite  to  establishingza 
more  comprehensive  set  of  criteria  controlling  the  design  of  crashworthy  crewseats.  Under 
the  leadership  of  the  U.S.  Army  Applied  Technology  Laboratory  at  Fort  Eustis,  Virginia 
(ATL),  and  the  U.S.  Army  Aeromedical  Research  Laboratory  at  Fort  Rucker,  Alabama  (USAARL), 
a  multi-service  effort  was  initiated  with  goals  of  performing  the  research  necessary  in 
these  areas.  The  overall  program  is  illustrated  in  Figure  1.  The  research  efforts  were 
designed  to  provide  at  least  a  minimum  level  of  needed  information  in  each  area  and  to 
meet  the  following  objectives: 

•  Establish  the  sensitivity  of  seat  and  occupant  response  to  system  variables. 

•  Determine  the  effect  on  system  performance  of  the  type  of  dummy  being  used  for 
testing  and  establish  an  appropriate  standardized  dummy  for  seat  system  evalua¬ 
tion. 

•  Investigate  the  performance  of  the  seat  with  an  occupant  more  nearly  representa¬ 
tive  of  the  operational  occupant  than  are  anthropomorphic  dummies.  Cadavers 
were  to  be  used  for  this  investigation. 

•  Establish,  through  dynamic  testing,  additional  information  concerning  human 

tolerance  to  acceleration  loads  in  the  +G  direction. 
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Overall  program  elements. 
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The  effort  to  establish  a  standardized  test  dummy  is  being  coordinated  by  USAARL  and  in¬ 
volves  an  ad-hoc  committee  consisting  of  representatives  from  both  interested  Government 
agencies  and  the  private  sector.  Research  to  increase  the  knowledge  of  human  tolerance 
to  acceleration  loads  in  the  +G  direction  is  being  performed  by  the  Naval  Biodynamics 
Laboratory,  Michoud,  Louisiana, zwith  support  and  sponsorship  of  USAARL.  The  other  re¬ 
search  is  being  coordinated  by  Simula  Inc.,  with  test  and  advisory  support  of  many  of  the 
other  involved  organizations,  and  with  the  sponsorship  primarily  of  the  ATL  and  USAARL. 
The  overall  program  is  summarized  in  Table  1. 

The  purpose  of  this  paper  is  to  summarize  the  status  of  this  overall  effort  and  to  pre¬ 
sent  some  preliminary  information  available  from  these  current  programs. 


TABLE  1.  PROGRAM  RESPONSIBILITIES 

Program  Objective 

Agency/Organization 

Responsibility 

Sponsor 

Establish  the  sensitivity 
of  vertically  (z-axis) 
stroking  seating  systems  and 
improve  the  criteria  for 
their  design. 

Simula  Inc. , 

Tempe,  Arizona 

Overall  responsibility 
for  program  direction. 
Provide  all  seat  hard¬ 
ware,  data  analysis, 
data  synthesis  and 
interpretation,  and  re¬ 
port  results.  Also, 
perform  testing, 
data  acquisition,  re¬ 
duction,  and  analysis. 

Applied  Technology  Laboratory, 

U.S.  Army  Aviation  Research 
and  Development  Command,  Fort 
Eustis,  Virginia 

Civil  Aeromedical 
Institute,  Oklahoma 
City,  Oklahoma 

Perform  dynamic  testing 
support;  provide  in¬ 
strumentation  and  test 
dummies;  record,  re¬ 
duce,  and  submit  data; 
and  advise  on  other 
programs. 

Federal  Aviation  Administration 

Naval  Air  Develop¬ 
ment  Center,  War¬ 
minster,  Pennsyl¬ 
vania 

Provide  dynamic  test 
support,  instrumenta¬ 
tion,  data  acquisition, 
and  reduction. 

U.S.  Navy 

Determine  the  tolerance 
threshold  limit-load  setting 
for  the  energy-absorbing 
mechanism  that  would  not 
cause  spinal  injury  in  ca¬ 
davers.  Also,  determine  the 
response  of  an  energy¬ 
absorbing  crewseat  with  a 
human  cadaver  as  an  occupant 
for  comparison  with  the  re¬ 
sponse  using  an  anthropomor¬ 
phic  dummy. 

Simula  Inc. , 

Tempe,  Arizona 

Overall  program  respon¬ 
sibility.  Provide  test 
seat  hardware,  estab¬ 
lish  instrumentation 
requirements,  perform 
final  analysis  of  data, 
interpret  and  report 
results. 

U.S.  Army  Applied  Technology 
laboratory.  Fort  Eustis, 

Virginia;  U.S.  Army  Aeromedical 
Research  Laboratory,  Fort  Rucker, 
Alabama;  Federal  Aviation 
Administration  Technical  Center, 
Atlantic  City,  New  Jersey;  U.S. 

Air  Force,  6570th  Aerospace 

Medical  Research  Laboratory; 
Wright-Patterson  Air  Force 

Base,  Ohio 

Bioengineering 

Ce:  cer,  Wayne  State 
University 

Acquire  cadavers,  in¬ 
strument  the  cadavers; 
perform  the  dynamic 
testsi  acquire,  record, 
and  reduce  test  data. 

Sane  as  above 

Standardize  the  seat  test 
dummy. 

Ad-hoc  committee 
consisting  of  rep¬ 
resentatives  from 
industry  and  Gov¬ 
ernment 

Acquire  and  select  per¬ 
tinent.  data  for  f,'  in 
establishing  the  physi¬ 
cal  parameters  of  the 
military  aircrewman 
for  use  in  subsequent 
development  of  a  stan¬ 
dardized  test  dummy. 

U.S.  Army  Aeromedical  Research 
laboratory.  Fort  Rucker, 

Alabama 

Improve  knowledge  of  the 
tolerance  of  human  subjects 
to  accelerative  loading. 

U.S.  Naval  Bio- 
dynamics  Laboratory, 
Michoud,  Louisiana 

Overall  P-ogram  respon¬ 
sibility  including  per¬ 
forming  tests  of  live 
human  volunteers,  fol¬ 
lowed  by  surrogates. 
Acquisition  of  data, 
analysis  and  presenta¬ 
tion  of  results. 

U.S.  Army  Aeromedical  Research 
Laboratory,  Fort  Rucker, 

Alabama;  U.S.  Naval  Biodynamics 
laboratory ,  Michoud ,  Loui s ian« 
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2.  SEAT  AND  OCCUPANT  RESPONSE  TO  VERTICAL  (+GZ)  ACCELERATIVE  LOADING 

The  desired  function  of  crashworthy  crewseats  is  to  protect  occupants  from  the  deceler- 
ative  crash  load  hazards  with  severities  up  to  and  including  those  of  a  95th-percentile 
survivable  crash  pulse  as  defined  in  Reference  7.  Since  a  properly  restrained  human  can 
withstand  the  lateral  and  longitudinal  loads  associated  with  the  respective  95th-percenti le 
survivable  crash  pulses,  no  load  attenuation  is  necessary,  or  desirable  due  to  space  limi¬ 
tations,  in  those  directions.  In  the  vertical  direction,  however,  crash  energy  absorption 
and  force  attenuation  are  required  since  the  human  spine  can  withstand  only  a  fraction 
of  the  load  associated  with  the  95th-percentile  survivable  vertical  crash  pulse. 

Various  criteria  for  design  of  the  vertical  energy  absorption  system  have  been  established. 
Basically,  they  involve  establishing  the  force  level  at  which  the  energy-absorbing  system 
should  stroke  to  limit  the  load  in  the  human  spine  to  a  tolerable  magnitude.  This  is 
accomplished  by  determining  some  "effective"  weight  for  the  occupant  (effective  weight 
is  less  than  the  total  body  weight  because  part  of  the  body  weight  -  the  weight  of  the 
feet,  lower  legs  and  lower  thighs  -  is  carried  by  the  floor  of  the  aircraft  rather  than 
by  the  seat),  adding  to  it  the  movable  weight  of  the  seat,  and  multiplying  the  sum  by 
the  load  factor  (G)  determined  to  be  tolerable.  The  criteria  included  in  the  1970  edi¬ 
tion  of  the  Crash  Survival  Design  Guide  (Reference  8),  Paragraph  3. 3. 3.1,  state  that 
"This  effective  weight  plus  the  weight  of  the  movable  portion  of  the  seat  should  be  de¬ 
celerated  at  an  average  level  of  18  G  or  less."  Average  G  is  further  defined  as  "The 
total  velocity  change  of  the  seat  pan  (Av)  divided  by  the  total  pulse  duration  of  the 
seat  pan."  (Notice  that  no  mention  was  made  of  the  shape  of  the  deceleration-time  his¬ 
tory  but,  rather,  only  the  average  deceleration  established  by  dividing  the  area  under 
the  curve  by  the  duration.)  However,  some  researchers  felt  that  perhaps  the  18-G  average 
value  was  too  high  and  would  still  allow  occupant  injury.  Consequently,  in  1969  and  1970, 
a  limited  research  program  was  sponsored  by  the  U.S.  Army  Aviation  Materiel  Laboratories 
and  conducted  by  Dynamic  Science  (AvSER  Facility)  to  try  to  re-evaluate,  verify,  and  re¬ 
fine  the  criteria  for  the  design  of  crashworthy  armored  crewseats.  Results  of  this  pro¬ 
gram  are  documented  in  Reference  S. 

Again,  the  objective  of  the  criteria  was  to  provide  design  guidance  that  would  help  in 
the  development  of  seats  that  would  limit  occupant  spinal  loads  to  tolerable  levels  dur¬ 
ing  crash  pulses  of  severities  up  to,  and  including,  the  95th-percentile  survivable  ver¬ 
tical  crash  pulse.  The  acceptable  acceleration  levels  specified  by  Reference  4,  which 
had  been  based  on  the  Eiband  tolerance  data  and  the  ejection  seat  design  band  (Refer¬ 
ence  9),  were  selected  for  use.  As  shown  in  Figure  2,  this  criterion  limits  the  head- 
ward  ( +G  )  acceleration  imposed  on  the  occupant  to  23  G  for  time  durations  in  excess  of 
0.006  se?,  where  time  durations  are  defined  as  the  length  of  the  plateau  between  the  on¬ 
set  and  the  offset  portions  of  the  acceleration-time  histories  experienced  by  the  seat 
pan.  The  research  program  was  structured  to  determine  and  establish  the  stroke  distance 
and  load  for  the  energy-absorbing  mechanisms  to  limit  the  accelerations  imposed  on  the 
occupant  to  values  less  than  those  estimated  to  produce  injury  according  to  this  criter¬ 
ion.  It  was  thought  that  if  the  load  attenuation  system  on  the  seat  would  provide  such 
performance,  then,  within  the  limits  of  the  seat  stroke,  the  occupant  would  have  as  good 
a  chance  of  avoiding  injury  as  an  individual  using  an  ejection  seat. 


Figure  2.  Maximum  acceptable  vertical  seat  acceleration  (from  Reference  4). 


The  research  program  mentioned  above  consisted  of  analysis  followed  by  a  series  of  eight 
I  dynamic  tests  to  develop  the  criteria  for  determining  the  limit  load  that  would  produce 

the  desired  performance  within  the  prescribed  minimum  practical  stroking  distance  of 
12  in.  Because  of  funding  limitations,  the  program  conducted  was  not  sufficient  to  in¬ 
clude  a  comprehensive  investigation  of  the  influence  of  many  of  the  variables;  3uch  -i 
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energy  absorber  load-versus-deformation  characteristics,  anthropomorphic  dummy  variables, 
rate  of  onset  and  input  pulse  shapes,  bottom  cushion  load-deflection  characteristics,  and 
seat  spring  rate.  However,  the  tests  that  were  run  indicated  that  it  should  be  possible 
to  retain  the  seat  pan  deceleration  within  the  limits  of  the  criteria  used  for  ejection 
seats. 

In  the  years  following  development  of  the  criteria,  several  crashworthy  seats  were  de¬ 
veloped.  As  these  seats  were  dynamically  tested,  a  characteristic  deceleration-time  his¬ 
tory  was  displayed  (see  Figure  3).  The  characteristic  shape  had  been  evident  in  the  cri¬ 
teria  development  test  data  as  well,  but  the  magnitudes  of  the  peaks  and  valleys  had 
been  lower.  As  mentioned  in  the  Introduction,  the  characteristic  shape  of  the  seat  pan 
deceleration-versus-time  history  includes  a  high  initial  spike  followed  by  a  deep  notch 
that  sometimes  passes  throucn  zero,  actually  becoming  an  acceleration  rather  than  a  decel¬ 
eration.  This  notch  is  followed  by  a  second  high  peak,  followed,  in  turn,  by  various 
waveforms  damping  out  and  usually  centering  around  the  design  limit-load  factor  of  the 
system.  This  characteristic  shape  is  apparent  in  all  dynamic  tests  of  the  various  crash- 
worthy  seat  designs,  including  the  Dynamic  Science  criteria  development  seat  (Reference 
5),  the  Simula  Inc.  UTTAS  prototype  seat  (Reference  10),  the  Simula  Inc. /Norton  Co.  Black 
Hawk  production  seat  (Reference  11),  and  the  ARA  Inc.  JA/N  SEAT  (Reference  12). 


Figure  3.  Typical  response  of  seat  pan,  dummy  chest,  and 
dummy  pelvis  to  vertical  crash  loading. 


The  explanation  of  the  formation  of  this  characteristic  waveform  is  associated  with  the 
inherent  dynamic  response  of  the  seating  system  and  its  occupant.  Total  coupling  of  the 
seat  and  its  occupant  (anthropomorphic  dummy),  is  not  achieved  since  the  occupant  con¬ 
sists  of  masses  connected  by  nonrigid  body  members,  such  as  the  vertebral  column  and  neck 
in  humans  or  elastic  structural  members  in  anthropormorphic  dummies.  Further,  the  dummy 
is  seated  on  simulated  buttocks  flesh  and  a  comfort  cushion  which  do  not  form  a  rigid 
connection  between  the  occupant  and  the  seat  pan.  Since  the  energy-absorbing  mechanism 
of  the  seat  must  be  set  for  a  given  load  (calculated  by  multiplying  the  effective  weight 
of  the  occupant  and  movable  part  of  the  seat  by  the  desired  limit  load  factor  ot  14.5  G), 
the  actual  deceleration  measured  on  the  seat  pan  will  vary  inversely  with  the  coupled 
weight,  w,  according  to  the  relationship  a  *  F/w/g.  The  term  "coupled*  used  here  simply 
indicates  that  the  applicable  connecting  springs  are  compressed  sufficiently  to  result 
in  the  body  segments  being  decelerated  in  phase  and  at  approximately  the  same  rate  as 
the  seat  pan  (as  would  a  rigidly  attached  mass). 

A  deceleration  applied  to  the  seat  pan  initially  decelerates  the  movable  seat  mass  only; 
consequently,  deceleration  of  the  seat  pan  reaches  a  large  magnitude.  As  the  cushion 
and  the  buttocks  "flesh"  compress,  the  deceleration  of  the  lower  torso  sass  increases.  As 
the  spinal  column  compresses,  the  deceleration  of  the  chest  increases.  The  deceleration 
of  these  masses  increases  as  a  result  of  the  increased  load  in  the  connecting  members. 
Considering  the  connecting  members  to  be  represented  by  springs,  there  ts  then  a  spring 
constant  involved  that  defines  the  relationship  between  deflection  and  load;  i.e.,  the 
further  a  spring  is  compressed,  the  larger  the  required  load  to  compress  it.  The  body 
segments  react  in  the  same  way:  the  more  the  compression,  the  higher  tie  load,  and  the 
higher  the  load,  the  higher  the  deceleration  of  the  body  segments. 

Representing  the  system  by  a  series  of  springs  and  masses,  when  the  initial  deceleration 
of  the  seat  pan  commences  the  springs  in  the  body,  which  have  been  subjected  to  a  zero-G 
environment  during  the  drop,  are  not  compressed,  as  illustrated  in  Figure  4(a).  This  sim¬ 
ply  means  that,  since  the  springs  are  not  compressed  when  the  deceleration  first  commences, 
large  loads  cannot  be  immediately  applied  to  the  body  segments.  As  the  pulse  continues, 
the  body  segments  continue  to  move  under  the  resistive  load,  of  the  partially  compressed 
springs  and  thus  decelerate  more  slowly  than  the  seat,  building  up  a  relative  velocity 
with  respect  to  the  seat  pan.  Ever*".al ly ,  the  velocities  of  the  body  segments  and  the 
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(•)  HIQN- DECILE  RATION  LOAD.  STEADY-STATE  CONDITION 


<C>  ONSET  OE  DECELERATION  LOAD  WHEREIN  EELVIE 
REdlON  IS  RESEONOINO  TO  DECELERATION  LOAO 
SUT  UEEER  TORSO  ANO  NEAO  ARE  NOT 


seat  pan  must  all  approach  each  other. 
This  usually  occurs  later  in  the  se¬ 
quence,  after  the  second  spike  (see 
Figure  4(b)).  In  the  interval,  the 
deceleration  of  the  seat  pan  responds 
as  a  function  of  energy  absorber  force, 
input  pulse,  and  seat  and  dummy  charac¬ 
teristics. 

As  previously  mentioned,  initially  the 
measured  seat  pan  acceleration  reaches 
a  high  value.  This  occurs  because  the 
resistive  force  in  the  energy-absorbing 
system  was  set  at  a  given  value  consid¬ 
ering  the  weight  of  the  movable  portion 
of  the  seat  and  the  occupant.  The  seat 
pan  is  decelerated  initially  at  a  magni¬ 
tude  consistent  with  the  force  of  the 
energy-absorbing  mechanism  divided  by 
only  the  mass  of  the  movable  part  of 
the  seat,  which  is  considerably  less 
than  the  design  weight  for  the  energy 
absorption  system.  The  magnitude  of 
initial  seat  pan  acceleration  will  thus 
always  exceed  the  limit-load  factor  for 
which  the  composite  system  was  designed. 

Eventually,  the  cushion  and  buttocks 
springs  are  compressed  and  the  load 
applied  to  the  seat  pan  by  the  mass  of 
the  lower  torso  increases  (see  Fig¬ 
ure  4(c)).  Because  this  is  a  dynam¬ 
ically  loaded  spring-mics  system,  the 
springs  associated  with  the  buttocks 
and  the  cushion  can  bottom  out,  produc¬ 
ing  overshoot  (a  higher  peak  output 
deceleration  than  peak  input)  during 
the  sequence  and  then,  of  course,  they 
will  again  unload.  The  unloading  per¬ 
mits  the  seat  pan  deceleration  to  rise 
again  to  the  second  spike  which  can  be 
extremely  high  because  of  the  occupant 
unloading  and  the  elastic  recovery  of 
the  sett  pan  and  structure.  Note  here 
that  the  high  deceleration  of  the  seat 
pan  does  not  necessarily  correlate  with 
high  deceleration  of  the  pelvis  or  of 
the  chest.  From  review  of  both  test 
data  and  analytical  prediction,  the 
opposite  generally  appears  true,  i.e., 
the  unloading  of  the  lower  torso  and/or 
the  chest  is  the  event  that  produces 
the  spike  in  seat  pan  deceleration. 


As  the  seat  cushion  and  buttocks  again 
load  up  and  the  pelvis  deceleration 

Figure  4.  Spring-mass  representation  increases,  tne  high  seat  pan  decelera- 

of  seat-occupant  system.  tion  of  the  second  spike  is  .decreased . 

Also,  the  two  characteristic  decelera¬ 
tion  spikes  are  usually  followed  by  an 

increased  compression  load  in  the  spine  and  a  build-up  of  deceleration  of  the  upper  torso. 
Eventually,  the  springs  are  all  compressed  in  a  quasi-stable  state,  and  the  phasing  of 
the  decelerations  of  the  various  system  segments  begins  to  converge  toward  the  average 
load  factor  for  which  the  limit  load  of  the  energy-absorbing  system  was  designed. 


It.  is  important  to  note  that  the  peak  decelerations  3f  the  seat  pan  do  not  necessarily 
coincide  with  peak  decelerations  of  the  occupant,  pelvis  or  chest,  and  thus  are  not  neces¬ 
sarily  hazardous  to  his  safety.  This  apparent  deficiency  in  the  existing  criteria  was 
known  when  the  criteria  were  develop'd,  but  it  was  adopted  3ince,  from  an  overall  stand¬ 
point,  the  criteria  had  limited  the  incidence  of  injury  in  ejection  seats.  However,  the 
Eiband  tolerance  data  used  in  the  criteria  do  not  consider  the  seat  pan  deceleration  ex¬ 
cursions  fror  the  average.  Thece  data  were  smoothed  in  much  the  same  manner  as  used  tor 
calculating  average  G  described  in  the  second  paragraph  of  this  section  of  this  paper. 


Consequently,  the  more  comprehensive  study,  described  in  the  Introduction,  was  undertaken 
to  develop  the  data  necessary  to  better  understand  the  dynamic  response  of  the  seat  and 
occupant  systems.  This  understanding  can  then  be  quantified  and  used  to  establish  more 
comprehensive  design  criteria  to  enable  the  design  of  seating  systems  that  will  reduce 
the  crash  hazard  to  the  occupant,  which  is,  after  all,  the  objective  >.f  the  crashworthy 
design  effort. 
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3.  SUMMARY  OF  PROGRAM  OBJECTIVES  AND  STATUS 

In  order  to  develop  the  more  rigorous  criteria  needed  for  the  design  of  energy-absorbing 
seats,  a  program  of  testing  and  analysis  was  initiated  in  1979  with  participation  by  the 
U.S.  Army,  Navy,  Air  Force,  and  Federal  Aviation  Administration.  The  individual  programs 
include  an  investigation  of  the  effects  of  a  large  number  of  seat  and  test  variables 
on  seat  and  occupant  response,  determination  of  human  response  and  human  tolerance  to 
essentially  vertical  impact  loading,  and  the  development  of  a  standardized  and  more  useful 
test  dummy.  For  each  of  these  individual  research  programs,  both  the  objectives  and  cur¬ 
rent  status  are  summarized  below. 

SENSITIVITY  TESTING  AND  ANALYSIS 

In  July  1979,  the  U.S.  Army  Applied  Technology  Laboratory,  Fort  Eustis,  Virginia,  ini¬ 
tiated  a  contract  with  Simula  Inc.  to  conduct  a  program  for  development  of  design  cri¬ 
teria  for  more  effective  use  of  stroking  distance  in  energy-absorbing  seats.  As  part  of 
this  effort,  a  matrix  of  dynamic  tests  was  performed  by  the  Federal  Aviation  Administra¬ 
tion  Civil  Aeromedical  Institute  (CAMI),  the  Naval  Air  Development  Center  (NADC ) ,  and 
Simula  Inc.  Variables  that  are  being  investigated  through  analysis  and  testing  include 
the  shape,  magnitude,  and  rate  of  onset  of  the  input  deceleration  pulse;  the  velocity 
change;  the  type  and  size  of  the  anthropomorphic  dummy;  the  energy  absorber  limit  load; 
the  seat  weight;  the  cushion  characteristics;  the  seat  orientation;  and  the  structural 
spring  rate  of  the  seat.  Testing  has  been  accomplished  using  a  UH-60A  Black  Hawk  crew- 
seat,  which  was  inspected  and  overhauled  as  necessary  during  the  test  series  to  enable 
successful  and  repeatable  results  to  be  obtained. 

CAMI  conducted  23  tests  with  a  rigid  seat  for  evaluation  and  comparison  of  existing  an¬ 
thropomorphic  dummies  and  27  tests  with  the  Black  Hawk  seat  for  investigation  of  the  ef¬ 
fects  of  the  other  variables.  In  order  to  examine  the  effects  of  different  test  facil¬ 
ity  types  ar.d  input  deceleration  pulse  shapes,  NADC  conducted  nine  tests  and  Simula  Inc., 
three.  Testing  has  been  completed,  and  analysis  of  the  data  is  presently  in  progress. 

Some  preliminary  results  are  presented  in  Section  4  of  this  paper. 

CADAVER  TESTING  AND  ANALYSIS 

Related  to  the  energy  absorber  criteria  research  program,  testing  has  been  conducted  at 
Wayne  State  University  with  human  cadavers  in  a  Black  Hawk  crewseat,  as  described  in 
Reference  13.  That  program  has  been  supported  by  Simula  Inc.  under  a  contract  with  the 
U.S.  Army  Applied  Technology  Laboratory.  The  primary  objectives  have  been  to  determine 
a  threshold  deceleration  tolerance  of  cadavers  and  relate  this  threshold  to  the  U.S. 

Army  aviator  population;  also  to  investigate  whether  the  secondary  acceleration  peak  ob¬ 
served  in  tests  of  energy-absorbing  seats  exists  when  the  seat  is  occupied  by  a  human 
subject,  and  if  so,  to  determine  whether  it  presents  a  hazard  to  Army  aviators. 

The  first  phase  of  the  cadaver  testing  program  consisted  of  nine  tests  divided  into  two 
series.  The  first  series  consisted  of  a  maximum  of  two  dynamic  tests  with  each  cadaver. 
Both  tests  used  a  combined-loading  mode  with  the  seat  pitched  forward  relative  to  the 
impact  vector,  first  17  degrees  and  then  34  degrees  (orienting  the  seat  back  at  4  de¬ 
grees  and  21  degrees  relative  to  the  impact  vector,  respectively)  and  a  14.5-G  energy 
absorber  limit  load.  The  terts  resulted  in  two  cadavers  successfully  passing  the  first 
test  orientation,  but  receiving  vertebral  fractures  at  the  34-degree  pitch;  two  other 
cadavers  received  fractures  in  the  first  test.  For  the  remaining  three  tests  in  that 
first  phase  of  the  program,  11.5-G  energy  absorbers  were  used,  with  the  seat  in  the  more 
severe  test  orientation  with  34-degree  pitch.  All  three  of  these  subjects  also  received 
vertebral  fractures.  The  second  phase  of  the  program,  which  has  just  started  in  1982, 
includes  six  tests  with  the  34-degree  pitch  orientation,  the  first  three  of  which  will 
utilize  8.5-G  energy  absorbers.  Two  tests  have  been  completed  in  this  phase  with  one 
vertebral  fracture  occurring.  Derails  of  the  tests  in  this  part  of  the  overall  program 
can  be  found  in  the  paper  by  King  and  Levine  (Reference  13).  It  should  be  emphasized 
that  bone  strength  for  living  humans,  especially  the  aviator  population,  is  significantly 
higher  than  for  the  cad  r  population  tested.  Determination  of  the  bone  strength  re¬ 
lationship  between  the  cadaver  and  aviator  populations,  supported  by  recent  operational 
experience  with  energy-absorbing  seats,  will  justify  use  of  a  higher  limit  load  than  the 
threshold  determined  in  this  program. 

HUMAN  3UBJECT  EXPERIMENTS 

In  order  to  ensure  the  validity  of  iioth  cadavers  and  dummies  in  simulating  human  response 
to  vertical  impact,  a  series  of  +G  tests  with  living  human  subjects  is  to  he  conducted 
at  the  Naval  Biodynamics  Laboratory. 

STANDARDIZATION  OF  DUMMIES 

Because  the  Part  572  anthropomorphic  dummy  is  the  only  truly  standardized  test  device, 
it  was  selected  for  use  in  most  of  the  sensitivity  testing.  However,  differences  that 
were  noted  between  the  results  of  the  dummy  tests  and  thf se  of  the  cadaver  tests  indicate 
the  need  for  a  dummy  with  more  humanlike  response  to  vertical  input.  Analyses  of  the 
data  from  the  sensitivity  testing  program  demonstrated  that  if  probability  of  vertebral 
injury  is  to  be  used  in  a  criterion  for  seat  evaluation,  spinal  forces  and  moments  need 
to  be  measured  directly  during  the  test.  Therefore,  a  dummy  to  be  used  in  aircraft  seat 
testing  should  include  transducers  for  measurement  of  such  loads.  All  anthropomorphic 
dummies  developed  in  recent  years  have  been  designed  for  automotive  uses  and  utilize 
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civilian  anthropometric  data.  Should  a  new  dummy  be  developed  for  military  aircraft  seat 
testing,  it  would  be  most  desirable  to  use  characteristics  of  military  aircrewmen.  Under 
the  leadership  of  the  U.S.  Army  Aeromedical  Research  Laboratory  (USAARL),  a  committee  was 
formed  to  develop  a  specification  for  body  dimensions,  joint  locations,  and  inertial  prop¬ 
erties  of  military  aircrewmen.  Membership  included  representatives  of  the  U.S.  Army, 

Navy,  and  Air  Force,  and  various  civilian  organizations.  The  group  agreed  that  a  standard 
representation  for  a  50th-percentile  male  aircrewmember  would  be  developed  in  the  relaxed 
seated  position,  with  head  oriented  in  the  Frankfort  plane.  During  the  work  of  this  com¬ 
mittee,  which  was  carried  out  in  1981,  the  U.S.  Air  Force  drawing  board  manikin,  in  the 
50th-percentile  male  size,  served  as  the  basis  for  the  development  of  a  set  of  dimensions 
and  inertial  properties.  These  properties,  described  in  Reference  14,  should  prove  use¬ 
ful  both  in  development  of  an  improved  test  dummy  and  in  use  of  mathematical  mode’s  of 
the  aircraft  seat  occupant. 

Also,  under  a  contract  with  USAARL,  Simula  Inc.  has  modified  two  anthropomorphic  dummies, 
a  50th-  and  a  95th-percentile  device,  for  measurement  of  spinal  loads.  In  December  1981, 
several  of  the  tests  in  the  sensitivity  testing  program  were  repeated  at  CAMI  with  the 
modified  dummies.  Four  tests  with  the  modified  50th-percentile  dummy  have  been  conducted 
at  Wayne  State  University  under  the  conditions  used  in  the  first  phase  of  cadaver  testing. 


4.  PRELIMINARY  RESULTS 

Analysis  of  the  extensive  sets  of  data  that  have  been  collected  during  the  dummy  and  ca¬ 
daver  tests  is  continuing.  Analyses  include  computer  simulation  of  the  tests  in  order 
to  relate  the  effects  of  the  various  variables  and  to  extrapolate  the  results  to  more 
general  conditions.  Prior  to  completion  of  these  analyses,  the  plotted  test  data  can  be 
examined  and  several  conclusions  drawn,  as  described  in  the  following  sections.  The  basic 
test  configuration  is  described  first,  followed  by  descriptions  of  individual  variables, 
tests,  and  their  results. 

BASIC  CONFIGURATION 

A  standard  configuration  was  established  for  use  as  the  baseline  condition  in  the  para¬ 
metric  test  matrix.  The  impact  conditions  included  a  42-ft/sec  velocity  change,  and 
an  input  deceleration  pulse  with  a  42-G  peak  and  a  rate  of  onset  of  1050  G/sec.  The 
triangular-shaped  deceleration  pulse  which  meets  these  conditions  is  shown  in  Figure  5. 

Test  hardware  for  the  baseline  configuration 
consisted  of  a  Simula/Norton  Black  Hawk  crew- 
seat  and  a  Hybrid  II  50th-percentile  anthro¬ 
pomorphic  dummy.  The  test  seat  was  a  produc¬ 
tion  model  which  was  modified  by  removal  of 
ballistic  armor  hardface  material  from  the 
seat  bucket  to  facilitate  modification  of 
movable  seat  weight.  For  the  baseline  test 
condition,  the  seat  was  ballasted  with  steel 
plate  to  maintain  inertial  properties  of 
the  production  armored  seat.  The  crewseat 
is  designed  to  limit  inertial  crash  loads 
transmitted  to  the  seat  bucket  and  occupant 
through  the  use  of  inversion  tube  energy 
absorbers.  The  inversion  loads  for  the  base¬ 
line  case  were  set  at  14.5  times  the  effec¬ 
tive  vertical  weight  of  the  seat  and  50th- 
percentile  U.S.  Army  Aviator,  or 

14.5  x  (60.6  lb  ♦  142.3  lb)  »  2942  lb 

The  seat  pan  cushion  was  designed  to  minimize 
relative  motion  and  rebound  between  the  occu¬ 
pant  and  seat. 

Seat  orientation  for  the  baseline  case  calls 
TIME  (EEC)  for  alignment  of  the  seat  back  with  the  in¬ 

put  velocity  vector,  as  shown  in  Figure  6. 
This  orientation,  which  is  referred  to  as 

Figure  5.  Triangular  deceleration  pulse  vertical  in  the  remainder  of  the  paper,  ac- 
meeting  prescribed  baseline  tually  represents  a  13-degree  angle  relative 

condition.  to  the  standard  aircraft  z-axis.  At  facili¬ 

ties  utilizing  a  horizontal  decelerator,  the 
pitch  angle  was  increased  to  17  degrees.  The 
first  13  degrees  of  pitch  was  provided  to  align  the  back  tangent  line  with  the  horizontal 
surface  of  the  sled  (parallel  to  the  velocity  vector),  in  order  to  eliminate  initial  ex¬ 
tension  of  the  elastomeric  spine  that  would  be  caused  by  a  downward-oriented  seat  back 
angle.  The  additional  4  degrees  of  pitch  was  added  to  approximately  counteract  the  1  G 
I  of  gravity  that  reduces  the  overturning  moment  on  the  dummy  during  seat  stroking.  Since 

I  during  most  of  the  tests  the  energy-absorbing  mechanism  on  the  seat  is  set  to  stroke  at 

14.5  G,  the  angle  of  the  resu'.tant  deceleration  was  determined  as  the  angle  whose  tangent 
I  is  one  divided  by  14.5  «  0.069,  or  4  degrees.  Therefore,  under  stroking  loads,  the  over¬ 

turning  moment  on  the  dummy  should  be  approximately  corrected  for  gravity,  and  the  re¬ 
sponse  should  be  similar  to  that  for  a  oeat  in  an  upward-oriented  position. 


**•  " 
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Figure  6.  Baseline  test  configuration  (for  horizontal  decelerator ) . 


INPUT  PULSE  SHAPE 

The  effect  of  variation  in  input  pulse  shape  among  test  facilities  was  examined  for  the 
baseline  test  condition.  At  four  facilities,  an  attempt  was  made  to  meet  the  input 
deceleration  pulse  specifications  within  the  constraints  of  each  particular  decelera¬ 
ting  mechanism.  A  description  of  the  four  facilities  is  given  below: 

CAM I  Test  Facility:  The  CAMI  test  facility  consists  of  a  sled  which  is  accelerated 
to  the  desired  impact  velocity  by  a  cable  connected  to  falling  weights  and  is  de¬ 
celerated  by  wire-bending  energy-absorbing  members.  The  wires  are  stretched  across 
the  tracks  and  impacted  by  the  sled.  To  simulate  a  vertical  test,  the  seat  is  ro¬ 
tated  about  its  pitch  axis  until  its  vertical  axis  is  parallel  to  the  velocity  vec¬ 
tor  of  the  sled  and  directed  rearward. 

Simula  Drop  Tower:  The  Simula  test  facility  consists  of  a  tower  made  from  two  poles, 
implanted  in  the  ground,  with  a  top  crossmember.  Two  guides  extend  from  the  top  of 
the  tower  to  the  ground  to  guide  the  drop  cage,  and  a  concrete  drop  pad  is  provided 
to  react  the  impact  load.  The  test  specimen  is  placed  in  the  drop  cage,  which  is 
raised  to  the  height  that  will  provide  the  desired  impact  velocity.  Then,  it  is 
dropped  on  a  stack  of  paper  honeycomb  shaped  to  impose  the  desired  force-deflection 
characteristics  and,  thus,  the  desired  acceleration-time  history  on  the  dropped  cage. 

NADC  Test  Drop  Tower:  The  HA  DC  test  facility  consists  of  a  four-sided  steel  tower 
in  which  a  "drop  cage  is  located.  The  drop  cage  is  raised  to  the  desired  height  and 
then  dropped  on  Van  Zelm  energy  absorbers  placed  in  the  path  of  the  dropping  cage. 

Wayne  State  University:  The  WSU  test  facility  consists  of  a  sled  which  is  brought 
to  the  desired  velocity  with  pneumatic  pressure.  Deceleration  of  the  sled  is  pro¬ 
vided  by  a  hydraulic  snubbing  device,  in  which  the  pressure  can  be  regulated  by 
changing  the  cylinder  orifice  dimensions. 

Figure  7  shows  the  baseline  deceleration  pulses  for  the  four  facilities.  The  pulue  shape 
for  the  CAMI,  Simula,  and  WSU  test  facilities  is  essentially  triangular,  while  the  shape 
of  the  NADC  pulse  possesses  characteristic  oscillations.  A  summary  of  the  baseline  test 
facility  input  pulse  characteristics  is  given  in  Table  2  for  comparison.  Occupant  and 
seat  response  data  are  given  in  Table  3  for  baseline  cases  at  the  four  facilities.  F->r 
three  of  the  facilities,  two  values  are  listed  to  show  repeatability  of  test  conditions. 

In  general,  the  seat  stroke  achieved  in  the  baseline  tests  is  consistent  for  tests  at  a 
given  facility;  however,  the  stroke  varied  by  as  much  as  5.3  in.  among  facilities.  Tents 
conducted  at  CAMI  had  significantly  higher  components  of  seat  and  occupant  acceleraticn 
in  the  x-direction  than  for  similar  tests  conducted  at  the  three  other  facilities.  The 
seat  pan  Dynamic  Response  Index  (DRI),  which  is  computed  from  the  response  of  a  single- 
degree-of-f reedom  damped,  spring-mass  model  of  the  human  torso  that  has  been  correlated 
to  ejection  seat  injury  (References  15  and  16),  is  fairly  consistent  among  facilit.es. 
However,  the  duration  of  the  seat  pan  vertical  acceleration  peak  above  the  23-G  limit 
varied  by  a  factor  of  more  than  two  between  the  two  CAMI  baseline  t’sts.  Because  input 
conditions  that  meet  the  requirements  of  existing  criteria  can  produce  different  results 
at  different  facilities,  it  appears  that  tolerances  on  parameters  defining  standard  test 
conditions  need  to  be  further  reduced. 


I 


22-10 


NADC  W8U 


Figure  7.  Typical  baseline  deceleration  pulses  for  the  four  test  facilities. 


TABLE  2. 

COMPARISON 

OF  TOST  FACILITY  IMPACT 

CONDITIONS 

Total 

Initial 

Percent 

Vertical 

Peak  Input 

Rate  of 

Velocity 

Velocity 

of  Velocity 

Seat 

Test 

Deceleration 

Onset 

Change 

at  Impact 

Change  in 

Stroke 

Facility 

(G) 

(G/sec) 

(ft/sec) 

(ft/sec) 

Rebound 

(in.  > 

CAMI 

40.7 

977 

44.4 

41.8 

5.9 

10.6 

40.7 

982 

45.2 

42.3 

6.8 

10.5 

NADC 

44.6 

1370 

41.5 

36.8 

11.3 

10.8 

45.0 

1340 

39.6 

36.8 

7.1 

11.6 

Simula 

40.0 

1050 

42.5 

31.1 

26.8 

9.5 

40.8 

1070 

42.4 

31.1 

26.6 

9.4 

HSU 

36.1 

1700 

41.2 

41.2 

0.0 

6.3 

NOTE  s  The 

baseline  conditions  wer.> 

repeated  at 

CAMI,  NADC, 

and  Similar 

results 

of  both  tests  are  presented  here.  Data  presented  for  the  HSU  pulse  are 
frosi  the  single  baseline  test. 
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TABLE  3.  COMPARISON  OF  SEAT  AND  OCCUPANT  RESPONSE  FOR 
BASELINE  TESTS  AT  THE  FOUR  TEST  FACILITIES 


Test 

Facility 

Seat 
Stroke 
(in. ) 

Peak 

Acceleration 

(G) 

Duration  of 
Seat  Pan  z 
Acceleration 
at  23  G 
(sec) 

DRI 

Seat 
Pan  x 

Seat 
Pan  z 

Pe lvi s 

X 

Pelvis 

z 

Chest 

X 

Chest 

z 

Head 

X 

Head 

z 

CAMI 

10.6 

25.1 

26.4 

30.5 

30.5 

18.1 

30.4 

31.5 

36.5 

0.007 

21.0 

Tests 

10.5 

26.8 

29.4 

25.1 

30.8 

24.1 

25.8 

38.5 

36.5 

0.016 

19.7 

tJADC 

10.8 

19.2 

36.3 

15.4 

38.8 

10.0 

36.1 

24.7 

40.8 

0.006 

20.8 

Tests 

11.6 

16.8 

34.6 

18.7 

40.1 

14.7 

37.4 

22.7 

42.8 

0.007 

20.7 

Simula 

9.5 

12.5 

22.3 

16.2 

31.7 

10.9 

31.3 

18.3 

36.3 

0. 

19.4 

Tests 

9.4 

14.1 

25.3 

12.5 

39.8 

12.0 

36.5 

16.7 

43.7 

0.008 

21.5 

WSU  Test 

6.3 

15.3 

28.9 

13.5 

39.7 

13.3 

41.3 

21.8 

39.6 

0.011 

18.4 

MAGNITUDE  OF  INPUT  DECELERATION 

In  order  to  examine  the  influence  of  peak  input  deceleration,  four  tests  were  conducted 
at  CAMI  with  constant  velocity  change,  and  peak  accelerations  of  approximately  22,  32,  42, 
and  52  G.  The  predicted  trend  in  seat  stroke  response  was  verified.  Results  of  these 
tests  are  shown  in  Ta  .le  4.  It  should  be  noted  that,  in  order  to  maintain  a  constant 
velocity  change,  the  pulse  shape  at  22  and  32  G  was  trapezoidal,  rather  than  the  trian¬ 
gular  shape  used  at  42  and  52  G. 


TABLE  4.  COMPARISON  OF  TEST  RESULTS  FOR  PEAK  INPUT  DECELERATION  SERIES 


Seat 

Stroke 

(in.) 

Peak 

Acceleration 

(G) 

Duration  of 
Seat  Pan  z 
Acceleration 
at  23  G 
(sec) 

Test  Pulse 
Parameters 

Test 

No. 

Seat 
Pan  x 

Seat 
Pan  z 

Pelvis 

X 

Pelvis 

z 

Chest 

X 

Chest 

z 

DRI 

21.9  G, 

41.3  ft/sec 

1 

7.0 

15.4 

22.4 

10.7 

24.4 

12.1 

24.1 

0. 

17.0 

32.3  G, 

41.8  ft/sec 

2 

9.5 

29.1 

24.6 

21.1 

36.8 

31.1 

26.5 

0.005 

18.9 

Baseline 

40.7  G, 

41.8  ft/sec 

3 

10.6 

25.1 

26.4 

30.5 

30.5 

18.1 

30.4 

0.007 

21.0 

Baseline 
40.7  G, 

42.3  ft /flee 

4 

10.5 

26.8 

29.4 

25.5 

30.8 

24.1 

25.8 

0.016 

19.7 

51.5  G, 

42.1  ft/sec 

5 

11.7 

28.1 

31.8 

36.8 

45.9 

24.8 

26.8 

0.013 

21.4 

The  magnitude  of  the  dynamic  response  of  the  seat  and  occupant  system  is  due  to  the  inter¬ 
action  of  the  flexible  seat  pan  and  natural  frequency  of  the  body.  A  rigid  mass  and  ideal 
energy  absorbers  would  produce  a  peak  acceleration  solely  dependent  on  the  energy  absorber 
limit-load  factor.  However,  for  the  seat/body  system,  the  peak  acceleration  is  a  function 
of  dynamic  overshoot  and  effective  mass  being  decelerated.  Therefore,  it  is  not  surpris¬ 
ing  that  the  peak  seat  pan  s-axis  acceleration  values  listed  in  Table  4  exhibit  a  trend 
of  increasing  with  the  input  peak  acceleration.  This  fact  also  indicates  the  desirabil¬ 
ity  of  designing  the  landing  gear/fuselage  system  to  "stroke*  at  a  lower  load  to  reduce 
peak  acceleration  values  transmitted  to  the  seat  attachment  points.  However,  lower  loads 
would  require  increased  stroke  distance  for  the  gear  and  fuselage. 

VELOCITY  CHANQE 

A  series  of  five  tests  were  conducted  to  examine  seat  and  occupant  response  under  various 
velocity  change  conditions.  An  attempt  was  made  to  maintain  a  triangular  acceleration 
pulse  with  a  42-G  peak  throughout  the  test  series;  however,  this  was  not  physically  at¬ 
tainable  for  the  pulses  with  lower  velocity  changes.  The  results  of  this  test  series  are 
presented  in  Table  5. 
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TABLE  S .  COMPARISON  OF  TEST  RESULTS  FOR  VELOCITY  CHANGE  SERIES 


Seat 
Stroke 
(in. ) 

Peak 

Acceleration 

<G) 

Duration  of 
Seat  Pan  z 
Acceleration 
at  23  G 
(sec) 

Test  Pulse 
Parameters 

Test 

No. 

Seat 
Pan  x 

Seat 
Pan  z 

Pelvis 

X 

Pelvis 

z 

Chest 

X 

Chest 

z 

DRI 

Baseline 

40. 7G, 

41.8  ft/sec 

1 

10.6 

25.1 

26.4 

30.5 

30.5 

18.1 

30.4 

0.007 

21.0 

Baseline 
40.7  G, 

42.3  ft/sec 

2 

10.5 

26.8 

29.4 

25.1 

30.8 

24.1 

25.8 

0.016 

19.7 

40.9  G, 

32.3  ft/sec 

3 

6.4 

26.8 

28.3 

23.4 

29.1 

24.1 

24.4 

0.007 

20.1 

31.0  G, 

32.4  ft/sec 

4 

5.6 

20.4 

20.9 

14.4 

26.8 

10.7 

24.8 

0. 

17.0 

23.5  G, 

25.6  ft/sec 

5 

2.2 

14.9 

18.4 

12.1 

25.1 

12.7 

25.8 

0. 

18.9 

The  measured  seat  stroke  in  this  test  series  is  a  strong  function  of  velocity  change 
since  the  crash  energy  that  must  be  absorbed  during  stroking  is  proportional  to  the 
square  of  the  velocity  change.  Peak  seat  and  occupant  accelerations  do  not  appear  to 
be  functions  of  velocity  change.  The  similarity  of  peak  accelerations  in  Tests  1,  2, 
and  3,  and  the  reduction  in  peak  values  for  Test  4  versus  Test  3,  indicate  that  the  dy¬ 
namic  response  of  the  seat/occupant  system  is  mainly  a  function  of  input  deceleration 
magnitude,  and  that  the  influence  of  input  velocity  change  is  secondary. 

RATE  OF  ON8ET  OF  INPUT  DECELERATION 

Solution  of  equations  of  motion  for  the  seat  and  occupant  indicates  a  tendency  for  seat 
stroke  to  decrease  as  the  rate  of  onset  of  the  input  deceleration  increases.  Data  pre¬ 
sented  in  Table  2  tend  to  verify  this  prediction,  as  the  lowest  stroke  values  were  ob¬ 
tained  at  WSU ,  where  the  rate  of  onset  was  highest,  although  it  should  be  noted  that  the 
peak  deceleration  was  lower  than  that  for  the  other  facilities.  Although  a  rate  of  onset  f 

is  presented  in  Table  2  for  NADC,  the  irregular  nature  of  the  early  part  of  that  pulse, 
as  seen  in  Figure  7,  renders  its  significance  questionable.  The  tests  conducted  at  CAMI 
specifically  to  assess  the  effect  of  rate  of  onset  appear  to  exhibit  an  opposing  trend. 

In  this  series  of  four  tests  with  rates  of  onset  varying  from  800  to  1700  G/sec,  the  peak 
accelerations  fell  within  the  normal  range  of  variation  among  like  tests  conducted  under 
similar  conditions.  Seat  strokes  of  9.5,  10.5,  10.6,  and  11.0  in.  were  measured  for 
tests  with  rates  of  onset  of  810,  980,  980,  1675  G/sec,  respectively,  when  the  velocity 
change  and  peak  input  deceleration  were  held  constant. 

DUMMY  TYPE 

Two  types  of  tests  were  conducted  on  various,  commonly  used  anthropomorphic  dummies.  In 
the  first  test  series,  three  50th-percentile  dummies,  the  Hybrid  II,  VIP-50,  and  CG-50, 
were  tested  in  a  rigid  seat  (without  cushions)  under  strictly  controlled  input  pulse  con¬ 
ditions  with  a  14.5-G,  trapezoidal-shaped  input  deceleration.  The  objective  of  this 
series  was  to  remove  the  dynamic  effects  of  the  stroking  seat  and  interaction  between  the 
occupant  and  seat.  Tests  were  repeated  three  times  for  each  dummy.  The  average  acceler¬ 
ations  and  seat  pan  force  from  the  three  runs  for  each  dummy  are  presented  in  Table  6. 

For  a  given  dummy,  measured  accelerations  varied  by  a  maximum  of  *1  G  from  the  average. 


TABLE  6. 

AVERAGE 
TESTS  or 

PEAK  ACCELERATIONS  AND  SEAT  PAN  LOADS 
50TH- PERCENTILE  DUMMIES  (AVERAGE  OF 

FOR  RIGID  SEAT 
THREE  TESTS) 

COMPARISON 

Dummy 

Descrip¬ 

tion 

Peak  Acceleration 

(G) 

Seat  Pan 
z  Force 
(lb) 

Seat 

Pan  z 

Pelvis 

X 

Pelvis 

2 

Chest 

X 

Chest 

z 

Head 

X 

Head 

2 

Hybrid  II 

15.3 

9.6 

42.9 

6.6 

26.2 

12.0 

33.4 

2710 

Alderson 

VIP-50 

15.1 

10.0 

35.3 

5.3 

37.4 

14.7 

39.0 

2960 

Alderson 

CG-50 

15.5 

16.9 

39.9 

14.3 

41.3 

56.6 

46.8 

5500 

I 
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The  acceleration  values  presented  in  Table  6  indicate  that  for  x-axis  response  in  a  ver¬ 
tical  test,  the  Hybrid  II  and  VIP-50  are  similar.  However,  the  addition  l£  the  elasto¬ 
meric  spine  in  the  Hybrid  II  significantly  alters  the  z-axis  response.  The  peak  z-axis 
acceleration  values  for  the  Hybrid  II  show  a  variation  among  the  pelvis,  chest,  and  head, 
while  the  essentially  incompressible  column  of  the  VIP-50  maintains  a  fairly  constant 
acceleration  level  throughout  the  body.  Response  of  the  CG-50  dummy  is  significantly 
different  from  the  other  two  dummy  types,  particularly  in  the  head  x-acceleration  and 
loads  transmitted  to  the  seat  pan,  which  are  presented  in  Figure  8  for  the  three  dummies. 


Figure  8.  Comparison  of  seat  pan  force 
measured  in  rigid  seat  tests 
with  three  50th-percentile 
dummies . 


The  second  test  series  used  three 
95th-percentile  dummies  commonly  used 
for  dynamic  qualification  tests  of 
energy-absorbing  seats:  the  VIP-95 
(with  elastomeric  spine),  the  CG-95, 
and  the  Sierra  292-895.  These  tests 
were  conducted  with  the  Black  Hawk  seat 
in  the  baseline  test  configuration. 
Results  of  these  tests,  presented  in 
Table  7,  are  inconclusive  due  to  the 
lack  of  complete  data  sets  and  small 
sample  size.  However,  the  seat  pan  re¬ 
sponse  appears  to  be  consistent  among 
the  three  dummies.  Variation  in  seat 
stroke  among  dummy  types  is  inconclusive 
due  to  the  1.2-in.  deviation  between  the 
two  tests  with  the  same  (VIP-95)  dummy. 

Based  on  the  results  of  the  strictly 
controlled  rigid  seat  tests,  there  can 
be  significant  differences  in  the  re¬ 
sponse  of  anthropomorphic  dummies  of 
various  types.  Therefore,  any  speci¬ 
fication  for  evaluation  of  energy¬ 
absorbing  seats  should  specify  the  use 
of  a  standard  anthropomorphic  test 
device . 


TABLE  7.  COMPARISON  OF  RESPONSE  FOR  9 5TH-PERC ENTILE 
DUMMIES  IN  THE  BASELINE  TEST  CONFIGURATION 


Duration  of 
Seat  Pan  z 

-  Acceleration 

Deacrip-  Stroke  Seat  Seat  Pelvis  Pel via  Cheat  Cheat  Head  Head  at  23  G 


Dummy 


Seat 


Peak  Acceleration  (G) 


tion 


Pan  x  Pan  z 


DR  I 


Alderson 

t _ 

13.2 

29.6 

28.1 

24.8 

34.5 

41.5 

26.8 

_ f _ 

0.012 

17.2 

VIP-95* 

12.0 

29.3 

25.1 

21.8 

41.2 

15.4 

29.8  53.6  32.2 

0.005 

19.7 

Alderson 

CG-95 

13.1 

28.4 

29.6 

- 

57.0 

34.2 

0.012 

18.3 

Sierra 

292-895 

11.0 

29.8 

31.9 

22.8 

63.3 

- 

0.010 

20.0 

*With  elastomeric  spine. 


DUMMY  PERCENTILE 

Evaluation  of  seat  and  occupant  performance  aa  functions  of  dummy  percentile  was  compli¬ 
cated  by  the  lack  of  similar  anthropomorphic  test  dummies.  Two  sets  of  baseline  configur¬ 
ation  tests  were  run  with  a  Hybrid  II  50th-percentile  dummy  and  a  VIP-95  dummy  with  an 
elastomeric  spine  similar  to  the  Hybrid  II  configuration.  Results  of  this  test  series  are 
presented  in  Table  8.  In  the  final  test  of  each  series  (test  nuafoers  3  and  5)  the  an¬ 
thropomorphic  test  dummies  were  modified  by  the  addition  of  a  six-axis  load  cell  at  the 
base  of  the  lusd>ar  spine  which  were  used  to  obtain  load  and  moment  data.  Measured  load 
and  moment  data  for  Tests  3  and  5  are  presented  in  Table  9. 


When  a  95th-percentile  dummy  is  used  in  place  of  the  50th-percentile  device  the  increase 
in  seat  stroke  of  approximately  2  in.  is  predictable  by  the  increase  in  vertical  effec¬ 
tive  weight.  However,  one  might  also  assume  that  there  would  be  a  general  decrease  in 
acceleration  for  the  95th-percentile  dummy,  although  this  is  not  readily  apparent  from 
the  peak  values  presented  in  Table  8.  The  explanation  is  that  the  peak  values,  due  to 
dynamic  overshoot,  are  not  strongly  affected  by  the  occupant  size,  while  the  average 
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TABLE  8.  SUMMARY  OF  THE  EFFECT  OF  ANTHROPOMORPHIC  DUMMY 
PERCENTILE  ON  PEAK  ACCELERATION  VALUES 


Seat 

Stroke 

(in.) 

Peak 

Acceleration 

(G) 

Duration 
of  Seat 
Pan  z 
Acceler¬ 
ation 
at  23  G 
(sec) 

Dummy 

Percentile 

Test 

NO. 

Seat 
Pan  x 

Seat 
Pan  z 

Pelvis 

X 

Pelvis 

z 

Chest 

X 

Chest 

z 

Head 

X 

Head 

z 

DRI 

50th 

1 

10.6 

25.1 

26.4 

30.5 

30.5 

18.1 

30.4 

31.5 

36.5 

0.007 

21.0 

Percentile 

2 

10.5 

26.8 

29.4 

25.1 

30.8 

24.1 

25.8 

38.5 

36.5 

0.016 

19.7 

3 

11.4 

32.3 

26.0 

22.2 

28.5 

35.5 

28.1 

32.5 

28.5 

0.006 

19.4 

95th  4  12.0  29.3  25.1  21.8  41.2  15.4  29.8  53.6  32.2  0.005  18.0 

Percentile 

5  13.2  29.6  28.1  24.8  34.5  41.5  26.8  -  -  0.012  17.2 


TABLE  9.  SUMMARY  OF  THE  EFFECT  OF  ANTHROPOMORPHIC  DUMMY 
PERCENTILE  ON  SPINAL  LOADS  AND  MOMENTS 


Dummy 

Percentile 

Test 

No. 

Peak  Lumbar  Load 

(lb) 

Peak 

Lumbar 

Moment 

(in. -lb) 

X 

z 

Resultant 

X 

y 

z 

Resultant 

50th 

Percentile 

3 

360 

60 

1220 

1220 

360 

1250 

93 

1260 

95th 

Percentile 

5 

593 

153 

1230 

1260 

653 

1500 

107 

1510 

acceleration  during  the  crash  sequence  is  lower  for  a  heavier  occupant  (provided  that 
the  energy-absorbing  limit  load  is  fixed).  This  is  evident  from  the  seat  pan  DRI  which 
shows  a  definite  trend  of  lower  values  for  increasing  occupant  size. 

Loads  and  moments  presented  in  Table  9  are  intended  for  use  in  validation  of  computer 
models  and  correlation  with  injury  c  'iteria,  and  not  intended  for  use  as  a  quantitative 
measure  of  spinal  damage  based  on  known  vertebral  segment  strength  distributions.  The 
data  presented  indicate  that  axial  spinal  force  (z-axis)  is  not  a  function  of  occupant 
size,  while  the  moment  associated  with  forward  rotation  of  the  body  (y-axis)  does  show 
an  increasing  trend  with  body  size.  Caution  is  urged  in  use  of  these  data  because  the 
chest  x-axis  acceleration  measured  in  tests  with  the  modified  dummies  shows  a  substan¬ 
tial  increase  in  peak  value.  This  is  possibly  an  indication  that  the  installation  of 
the  load  cell  may  have  increas*  i  the  rotational  stiffness  of  the  elastomeric  spinal 
column. 

CADAVERS  VERSUS  ANTHROPOMORPHIC  DUMMIES 

A  series  of  tests  are  being  conducted  to  establish  decelerative  spinal  fracture  loads  for 
occupants  of  energy-absorbing  seats,  as  discussed  in  Section  3.  The  test  r.ogram  is  cur¬ 
rently  in  progress  and  presentation  of  results  is  not  appropriate  at  this  point.  However, 
enough  tests  have  been  completed  to  determine  characteristic  response  of  cadavers  in  the 
Black  Hawk  scat  and  to  justify  the  use  of  the  Part  572  dummy  as  a  human  surrogate  for 
seat  testing. 

The  cadaver  test  series  is  being  conducted  at  Wayne  State  University  under  the  baseline 
test  conditions.  Similar  tests  are  being  conducted  at  WSU  with  a  Part  572  dummy  that  is 
instrumented  to  measure  spinal  forces  and  moments.  Results  of  comparable  cadaver  and 
dummy  tests  are  shown  in  Table  10.  Resultant  peak  body  accelerations  are  presented  for 
comparison  because  the  accelerometer  orientation  in  the  cadaver  did  not  necessarily  cor¬ 
respond  to  the  standard  dummy  coordinate  system. 

Required  seat  stroke  values  presented  in  Tables  10  and  11  indicate  that,  in  general,  the 
Part  572  dummy  requires  slightly  less  stroke  distance  than  does  the  cadaver.  The  seat  pan 
vertical  accelerations,  presented  in  Figures  9  and  10  for  the  vertical  and  combined  tests, 
respectively,  show  that  the  interaction  between  the  Part  572  dummy  and  seat  pan  is  very 
similar  to  the  response  swasured  with  human  cadavers.  The  comparison  between  body  acceler¬ 
ations  for  the  dummy  and  cadaver  does  not  show  a  good  correlation.  Results  of  this  limited 
comparison  seem  to  indicate  that  seat  performance  criteria  based  on  seat  pan  acceleration 
may  not  be  as  sensitive  to  occupant  type  as  a  criterion  based  on  body  segment  acceleration. 
However,  it  may  also  indicate  that  injury  mechanisms  within  the  body,  e.g.,  spinal  defor¬ 
mation,  can  not  be  reliably  predicted  from  seat  pan  acceleration  as  internal  body  response 
can  vary  significantly  for  various  occupant  types  with  similar  inputs  from  the  seats. 
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TABLE  10.  COMPARISON  OF  SEAT  AND  OCCUPANT  RESPONSE  FOR  DUMMIES  AND  CADAVERS 


Peak  Acceleration  (G) 

Duration  of 
Seat  Pan  z 
Acceleration 
at  23  G 
(sec) 

Stroke 
(  in . ) 

Seat 
Pan  x 

Seat 
Pan  z 

Pelvis 

Resultant 

Chest 

Resultant 

Head 

Resultant 

DR  I 

Dummy , 
Vertical 

6.3 

15.3 

28.9 

40.3 

43.4 

41.7 

0.011 

18.4 

Cadaver, 

Vertical 

7.6 

17.5 

26.5 

33.9 

N/A 

49.7 

0.004 

21.8 

Dummy , 
Combined 

4.5 

27.8 

23.9 

35.2 

31.6 

46.9 

0.004 

17.8 

Cadaver, 

Combined 

4.5 

5.5 

37.3 

40.5 

25.4 

21.0 

22.8 

44.4* 

N/A 

N/A 

59.6 

97.3* 

0.004 

0. 

22.2 

19.3 

‘Impact  between  mouth-mount  accelerometer  and  thigh. 


TABLE  11.  COMPARISON  OF  SEAT  STROKE  FOR  CADAVERS 
AND  DUMMIES  IN  THE  UH-60A  CREWSEAT 


Dummy 

Tests 

Cadaver 

Tests 

50th*  Hybrid  II 

Occupant 

Seat 

Occupant 

Seat 

Weight 

Stroke 

Weight 

Stroke 

Test  Description 

(lb) 

(in. ) 

(lb) 

(in. ) 

14.5-G  E/A,  Vertical  Orientation, 

166 

7.6 

164 

6.3 

42-45  G  Peak  Input  Acceleration 

160 

7.4 

164 

7.0 

140 

7.1 

148 

7.1 

14.5-G  E/A,  Combined  Orientation, 

166 

5.5 

164 

4.5 

42-45  G  Peak  Input  Acceleration 

140 

4.5 

11.5-G  E/A,  Combined  Orientation, 

218 

9.4 

164 

6.5 

42-45  G  Peak  Input  Acceleration 

141 

7.0 

160 

9.0 

8.5-G  E/A,  Combined  Orientation, 

200 

13.1 

42-45  G  Peak  Input  Acceleration 

143 

9.7 

ENERGY  AB80RBER  LIMIT  LOAD 

Three  different  energy  abeorber  limit  loads  were  used  in  the  test  program.  In  addition 
to  the  standard  14.5-G  devices,  both  11.5-  and  8.5-G  energy  absorbers  were  used,  amount¬ 
ing  to  reductions  of  approximately  20  and  40  percent,  respectively,  from  the  standard 
load.  Unfortunately,  no  single  dummy  was  used  with  all  three  energy  absorbers.  As  shown 
in  Table  12,  the  50th-percentile  Part  572  dummy  caused  a  seat  stroke  of  14.2  in.  when 
11.5-G  energy  absorbers  were  used.  It  was  anticipated,  and  verified  by  analysis,  that 
with  the  8.5-G  devices,  the  SOth-percentile  dummy  would  exhaust  all  available  seat  stroke. 
Therefore,  it  was  decided  to  use  a  CG-5  dummy  in  a  test  with  8.5-G  energy  absorbers. 

The  results  can  be  compared  with  those  from  a  test  using  the  same  dummy  with  the  14.5-G 
devices.  It  would  be  expected  that,  with  energy  absorbers  of  smaller  load,  the  accel¬ 
erations  measured  on  the  dummy  and  seat  would  be  reduced.  As  shown  in  Table  12,  the 
z-components  of  seat  pan  and  pelvis  acceleration  show  this  trend  for  both  dummies,  as 
does  the  z-componont  of  chest  acceleration  for  the  Part  572  dummy.  The  x-components  of 
accelerations,  on  the  other  hand,  do  not  exhibit  such  a  trend. 

RAMPED  ENERGY  ABSORBERS 

Two  tests  were  conducted  using  energy  absorbers  of  ‘ramped*  design,  whose  loads  increased 
with  stroke.  Although  the  load-deflection  characteristics  of  the  two  ramped  devices  were 
different,  the  trends  in  test  results  were  similar.  As  shown  by  the  data  in  Table  13, 
these  special  devices  performed  less  efficiently  than  the  standard  square  wave-type  de¬ 
vice.  The  ramped  devices  caused  the  Part  572  dummy  to  utilise  more  than  1.5  in.  addi¬ 
tional  stroke,  while  the  measured  accelerations  and  calculated  DRIs  were  actually  higher. 
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TABLE  12. 

EFFECT  Oc 

VAkYING  energy  absorber  limit  load 

Seat 

Stroke 

Test  Parameters  (in.) 

Peak  Acceleration  (G) 

Seat 
Pan  x 

Seat  Pelvis  Pelvis  Chest  Chest 

Pa  i  x  z  x  z 

DRI 

Baseline  Test 
50th  Percentile 


Dummy, 

10.6 

25.1 

26.4 

30.5 

30.5 

18.1 

30.4 

21.0 

14.5-G  E/As 

10.5 

26.8 

29.4 

25.1 

30.8 

24.1 

25.8 

19.7 

50th  Percentile 

Dummy, 

11.5-G  E/As 

14.2 

24.6 

28.1 

29.8 

20.' 

24.1 

20.7 

19.4 

5th  Percentile 

Dummy , 

14.5-G  E/As 

9.9 

28.1 

31.1 

14.4 

30.8 

32.2 

32.1 

19.7 

5th  Percentile 

Dummy , 

8.5-G  E/As 

16.1 

25.0 

26.6 

24.8 

34.5 

67.5 

68.7 

17.8 

TABLE  13. 

EFFECT 

OF  "RAMPED" 

ENERGY  ABSORBERS 

Seat 
Stroke 
(in. ) 

Peak  Vertical 
Acceleration  (G) 

Test  Parameters 

Seat  Pan 

Pelvis 

Chest 

DRI 

Baseline  Tests 

14.5-G  square-wave  E/As 

10.6 

10.5 

26.4 

29.4 

30.5 

30.8 

30.4 

29.8 

21.0 

19.7 

Ramped  E/A,  Type  1 

12.0 

32.3 

43.5 

26.8 

23.7 

Ramped  E/A,  Type  2 

12.3 

34.8 

46.8 

34.8 

27.5 

MOVABLE  8EAT  WEIGHT 

As  mentioned  earlier,  the  basic  Black  Hawk  bucket  weight  was  reduced  by  removal  of  the 
ceramic  outer  layer  of  the  bucket  armor.  The  movable  weight  was  then  adjusted  by  adding 
ballast.  For  the  baseline  tests,  the  seat  bucket  was  ballasted  to  bring  its  weight  and 
center  of  mass  to  approximately  those  of  the  production  Black  Hawk  seat.  For  one  test, 
the  ballast  weights  were  removed  so  that  the  seat  bucket  weighed  approximately  30  lb  less 
than  the  production  seat,  and  in  another  test  an  additional  55  lb  of  weight  above  the 
baseline  case  was  added.  It  should  be  remembered  that  for  these  two  tests  with  different 
movable  seat  weights,  the  energy  absorber  limit  loads  were  held  constant,  thereby  inducing 
some  benefit  in  terms  of  acceleration  for  the  heavier  seat,  and  a  corresponding  penalty 
for  the  lighter  seat.  The  trends  in  acceleration  and  DRI  are  as  expected,  and  are  shown 
in  Table  14. 


TABLE  14. 

EFFECT 

OF  VARYING  MOVABLE  SEAT 

WEIGHT 

Seat 

Stroke 

(in.) 

Peak  Acceleration 

(G) 

Test  Parameters 

Seat 

Pan  x 

Seat 
Pan  s 

Pelvis 

X 

Pelvis 

s 

Chest 

X 

Chest 

z 

DRI 

Baseline  Tests 

65  lb 

10.6 

10.5 

25.1 

26.8 

26.4 

29.4 

30.5 

25.1 

30.5 

30.8 

18.1 

24.1 

30.4 

25.8 

21.0 

19.7 

120- lb 

Configuration 

14.0 

26.5 

22.9 

26.1 

32.8 

38.5 

21.1 

16.4 

35-lb 

Conf iguration 

a. 6 

35.1 

29.6 

24.0 

42.8 

26.7 

26.8 

21.9 
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SEAT  FRAME  SPRING  RATE 

For  one  test,  the  top  of  the  seat  frame  was  secured  rigidly  to  the  sled  with  steel  brack¬ 
ets.  It  was  hoped  that  comparison  of  the  results  from  this  test  with  the  baseline  test 
would  help  isolate  the  effect  of  seat  elasticity  on  seat  and  dummy  response.  Although 
seat  stroke  and  DRI  were  unaffected  by  the  frame  modification,  the  x-components  of  dummy 
pelvis  and  chest  accelerations  were  reduced,  while  the  z-components  were  increased.  The 
results  of  this  test  are  not  particularly  conclusive  because,  although  the  frame  was 
stiffened,  seat  bucket  elasticity  remained  a  factor. 

SEAT  CUSHION  STIFFNESS 

Two  tests  were  conducted  to  examine  the  effects  of  cushion  stiffness.  For  one  test,  a 
block  of  rigid  plastic  foam  was  contoured  to  cushion  shape,  and  for  another,  layers  of 
soft  upholstery  foam  were  used.  An  effort  was  made  to  adjust  the  thicknesses  of  these 
cushions  so  that  the  dummy  could  be  seated  in  the  same  position  as  in  the  baseline  case. 
Neither  of  these  two  tests  showed  a  variation  in  seat  stroke  or  DRI  from  those  of  the 
baseline  case.  The  rigid  cushion  increased  the  natural  frequency  of  the  system,  so  that 
acceleration  waveforms  exhibited  both  higher  frequency  and  higher  magnitudes. 

SEAT  ORIENTATION 

A  test  was  run  with  a  50-ft/sec,  48-G  input  with  the  seat  pitched  17  degrees  further  for¬ 
ward  on  the  sled.  This  additional  pitch  combined  with  the  more  severe  input  pulse  pro¬ 
duced  the  same  vertical  component  of  input  acceleration  and  velocity  change  as  in  the 
baseline  case.  Seat  stroke  was  reduced  from  approximately  10.5  in.  to  9  in.  even  though 
the  input  acceleration  component  in  the  stroking  direction  was  the  same  as  in  the  base¬ 
line  case. 


CONCLUSIONS 


Criteria  developed  in  1971  have  led  to  the  design  and  production  of  aircraft  seats  with 
improved  crashworthiness.  However,  testing  of  these  seats  has  indicated  areas  where  ad¬ 
ditional  rigor  in  the  criteria  might  aid  in  achieving  more  optimum  systems.  The  present 
research  program  is  directed  toward  achieving  this  goal.  Although  several  apparent  trends 
have  been  noticed  in  the  data,  final  conclusions  are  premature  at  this  time.  Tests  con¬ 
ducted  under  this  research  effort  indicate  that  seat  performance  can  vary  significantly 
among  test  facilities  attempting  to  meet  the  same  input  deceleration  pulse  criteria. 

This  may  indicate  a  need  to  redefine  the  deceleration  pulse  criteria  specified  in  MIL-3- 
58095 (AV)  based  on  recent  full-scale  crash  tests  and  acceptable  tolerances  determined 
from  the  sensitivity  analyses  conducted  in  this  program. 
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SUMMARY 

A  Hy-Ga  impact  simulator  was  used  for  determining  the  performance  of  motor-vehicle  seat  belts 
equipped  with  retractors  during  simulsted  impacts  at  13. 5  m/s.  The  occupant  of  tha  seat  was  sir  sted 
by  a  standard  anthropometric  dummy.  The  shoulder  strap  of  the  seat  belt  was  pulled  various  dista  a  up 
to  23  cm  away  from  tha  dummy  chest  bafora  impact  and  tha  belt  was  then  anchored  near  tha  ratractor  with 
fragile  tape.  The  rasults  of  this  study  indicate  that  a  retractor-equipped  strap  behaves  lass  stiffly 
than  a  rigidly-anchored  strap,  allowing  graater  forward  motion  of  the  body  parts  restrained  by  tha  strap 
and  raducing  tha  peak  accalsrations  of  these  parts.  In  a  harness  in  which  the  retractor  is  in  the 
lap-bait,  tha  head  and  shoulder  trajectories  are  similar  to  those  when  a  harness  without  retractors  is 
usad. 


INTRODUCTION 

Within  tha  past  dacada,  public  accaptance  and  use  of  thrae-point  restraints  (lap-shouldar  belts)  in 
motor  vehicles  have  bean  increased  considerably  by  tha  introduction  of  reel-type  emergency  locking 
retractors  (ELR).  Harnesses  equipped  with  retractors  do  not  require  adjustments  of  the  webbing  by  the 
occupant  and  permit  tha  occupant  to  move  in  the  seat  in  order  to  look  behind  if  necessary. 

Tha  effectiveness  of  the  thraa-point  restraint  harness  has  bean  the  subject  of  a  number  of  reports, 
both  of  accident  surveys  and  simulation  studias  (fc, 9, 11, 12).  Concern  has  bean  expressed  about  the  in¬ 
ability  of  thane  harnesses  to  pravant  the  occupant  from  striking  his  haad  against  the  vahlcle  Interior 
during  a  collision. 

In  older  thraa-point  hamaseas  without  ELR’s,  passangars  wars  advised  to  laava  the  shoulder  strap 
slightly  slack  for  comfort.  Some  automobile  manufacturers  have  provided  means  to  leave  the  shouldar 
straps  of  SLS-squippsd  harnesses  alack  by  defeating  the  spring  tension  of  the  retractor.  One  paper  (ii'. 
has  reported  that  such  provisions  may  reduce  tha  .ibillty  of  the  harnass  to  restrain  tha  occupant  in  a 
crash  and  recommended  that  mechanisms  for  defeating  tha  retractors  bs  prohibited. 

In  response  to  a  request  from  Transport  Canada,  a  aarias  of  tests  wars  performed  to  avalusta  tha 
affact  of  raal-typa  webbing  retractors  and  belt  slack  on  dummy  dynamics  during  simulated  frontal 
collisions.  Tha  study  was  designad  to  show  how  diffarant  lengths  of  slack  vou»2  affact  tha  performance 
of  a  given  retractor-equipped  harnass  and  how  diffarant  harnesses  would  parform  with  comparable  amounts 
of  slack  in  tha  shouldar  bait. 


O 


Figure  1  -  Sled  acceleration  as  a  function  of 
time  in  a  typical  test. 
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METHODS 

The  tests  were  performed  using  the  12-inch  (30-cm)  Hy-Ge  Impact  simulator  at  the  Defence  and  Civil 
Institute  of  Environmental  Medicine  (DCIEM).  The  Hy-Ge  apparatus  simulates  impacts  in  "reverse  mode"; 
i.e.,  a  stationary  test  sled  bearing  the  seat  and  dummy  is  accelerated  backwards  by  the  controlled 
action  of  a  pneumatic  ram.  Xn  thase  tests,  half-sine  acceleration  pulsea  with  20  G  peak  acceleration 
and  13.5  m/a  (48  km/hr)  velocity  change  were  used  (Figure  1). 

The  sled  was  fitted  with  an  automotive  bucket  seat  of  a  typa  used  in  North  American  "sub-compact" 
cars.  The  seat  was  reinforced  to  prevent  motion  or  deformation  during  the  test  impacts.  Belt  anchor 
points,  corresponding  to  those  used  in  "sub-compact"  cars,  were  installed  on  either  side  of  the  seat 
and  behind  the  seat  back  at  the  right  side.  The  occupant  was  simulated  by  a  standard  Part  572  50-th 
percentile  dummy  fitted  with  trlaxlal  accelerometers  in  the  head,  chest  and  pelvic  areas  (Figure  2). 
The  feet  of  the  dummy  rested  on  a  foot  brace  which  simulated  the  sloping  forward  part  of  the  passenger 
compartment  floor. 


Figure  2  -  The  test  buck  with  the  dummy  before 
a  test. 

Coaaerclally-aanufacturad  aaat  belt  assemblies  with  inartlally-actlvated  ELR 'a  ware  obtained  from 
manufacturers  through  Transport  Canada.  The  inertlally-actlvatad  ELR  haa  a  spring  which  exerts  a  ten¬ 
sion  on  the  webbing  through  a  torque  on  the  real  axis.  Whan  tha  ELR  assembly  is  accalerated  beyond  a 
certain  limit  in  tha  horizontal  plane,  a  pendulum-llka  sensor  causes  a  fixed  pawl  to  angage  a  ratchet  on 
the  reel,  locking  it  against  tha  webbing  tension. 
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After  the  dummy  was  positioned  in  the  seat  and  tie  belts  were  installed,  the  following  procedure 
was  used  to  set  a  measured  amount  of  slack  in  the  belts.  The  shoulder  strap  was  drawn  over  a  specially- 
made  gauge  placed  over  the  mid-line  of  the  chest  of  the  dummy.  This  gauge  held  the  webbing  at  a 
measured  distance  from  the  chest  which  is  called  belt  slack  in  the  rest  of  this  paper.  When  the  Type  C 
or  Typ  D  harnesses  were  used,  the  webbing  was  anchored  near  the  ELR  with  tape  so  that  it  would  not  be 
reeled  in  when  the  gauge  was  removed.  The  extra  webbing  was  drawn  in  above  the  shoulder  so  that  the 
shoulder  strap  lay  across  the  dummy  chest  after  the  gauge  was  removed.  Belt  alack  leugths  of  0.0.  2.5, 
5.0,  10.0,  15. J  and  25.0  cm  were  used  in  the  tests  in  this  study. 

In  one  test  of  each  harness  type  at  each  value  of  belt  alack,  high  speed  motion  pictures  were  taken 
on  each  side  and  in  front  of  the  dummy  at  500  frames  per  second.  The  processed  films  wre  analyzed  to 
obtain  graphic  trajectories  of  targets  on  the  dummy  head,  shoulders  and  legs,  and  to  determine  the  maxi¬ 
mum  forward  motion  of  the  head. 

Tensions  in  separate  parts  of  the  seat  belts  were  measured  during  the  impact  by  five  belt  tension 
transducers.  One  of  these,  designated  tension  transducer  number  2,  was  mounted  on  the  shoulder  portion 
of  the  belt  between  the  dummy  chest  and  the  upper  D-ring  or  anchorage  point.  Another,  deeignated  ten¬ 
sion  transducer  numbe'  5,  was  mounted  on  the  lap  strap  between  the  dummy  abdomen  and  the  retractor  or 
anchor  point  beside  the  seat  on  the  outboard  side  (Figure  3). 

Signals  from  the  belt  tension  trsnsducers,  dummy  triaxial  accelerometers,  and  an  accelerometer 
fixed  to  the  sled  were  amplified  on  the  sled  and  transmitted  to  the  control  room  of  the  Impact  Studies 
Facility. 

The  data  acquisition  system  at  the  DCIEM  Impact  Studies  Facility  has  been  described  elsewhere  (4) . 
The  signals  passed  through  analog  filters  which  attenuated  frequencies  above  1000  Hz  (10).  They  were 
recorded  digitally  using  Datalab  transient  recorders  (Data  Laboratories  Ltd.,  Mitcham,  England)  at  a 
sampling  rate  of  10,000  per  second. 

The  digital  records  were  transferred  to  a  computer  disk  memory  for  erchiving  end  processing.  The 
records  were  filtered  digitally  according  to  the  specifications  of  SAE  Recommended  Practice  J211b  (2)  by 
programs  developed  at  DCIEM  (10).  Scaled  records  of  accelerations  from  the  triaxial  accelerometers  were 
used  to  calculate  resultant  accelerations.  These  accelerations  were  plotted  elong  with  the  component 
accelerations  and  belt  tensions.  Maximum  values  for  resultant  accelerations  and  tensions  were  deter¬ 
mined  by  the  computer. 

Two  tests  were  performed  with  each  of  the  three  types  of  seat  belts  described  above  at  each  of  the 
six  slack  lengths.  An  additional  teat  wss  performed  at  10-cm  slack  with  the  Type  A  belts  when  an  incon¬ 
sistency  in  the  earlier  results  was  found. 

RESULTS 

1 .  REPEATABILITY 

Because  two  tests  were  done  with  each  harnecs  et  each  belt  slack  setting,  it  was  possible  to  judge 
the  repeatability  of  this  simulation.  Peak  accelerations  of  the  head,  chest  and  pelvis  of  the  dummy 
were  compared  for  the  two  testa  of  each  type.  In  most  pairs,  the  differences  were  less  than  5  percent 
of  the  actual  values,  although  there  were  certain  exceptions.  A  larger  difference  in  head  and  chest 
accelerations  of  the  two  tests  with  the  Type  A  harness  at  10-cm  slack  led  to  the  decision  to  repeat  the 
test  a  third  time.  The  results  of  this  test  were  very  similar  to  that  of  one  of  the  previous  tests. 
The  overall  repeatability  of  the  tests  gives  some  confidence  that  the  differences  found  with  different 
harness  configurations  are  real  effects  of  the  harnesses,  rather  than  the  result  of  experimental  arti¬ 
facts  . 

2.  RETRACTOR  PERFORMANCE  AND  WEBBING  PULLOUT 

All  of  the  retractors  used  in  the  tests  performed  satisfactorily,  locking  the  webbing  reel  within 
20  me  of  impact.  A  certain  amount  of  webbing  was  drawn  from  the  retractor  during  impact  and  this  wnw 
measured  using  a  wire  drawn  from  a  clip  by  the  moving  webbing.  This  is  called  "belt  pullout"  and  is 
shown  in  Figure  4  as  a  function  of  belt  slack  for  the  Type  C  end  Type  D  belts.  The  belt  pullout  was 
usually  less  than  7  cm  and  decreased  with  Increasing  belt  slack. 

This  tendency  was  a  simple  consequence  of  the  method  used  to  obtain  belt  slack.  Webbing  was  drawn 
from  the  reel  to  set  the  slack;  thus,  with  greeter  slack,  less  webbing  wae  left  on  the  reel.  A  con¬ 
tribution  to  belt  pullout  must  come  from  the  elestlc  extension  of  the  webbing  on  the  reel,  which  itself 
is  proportional  to  the  length  of  webbing  on  the  reel.  The  separetion  of  this  contribution  to  belt  pull¬ 
out  from  that  of  the  motion  of  the  reel  itself  before  lock-up  was  impossible  in  these  tests.  The  belt 
pull-out  was  similar  to  the  maximum  extension  found  in  vehicle  harness  retractors  during  barrier  colli¬ 
sions  by  Dance  and  Enserlnk  (5). 

3.  SLACK  TIME 

A  concept  which  is  useful  in  interpreting  evaluations  of  seet-belt  performance  is  the  sleek  time 
which  is  the  time  Interval  between  the  onset  of  vehicle  deceleration  (or  sled  acceleration,  in  e  simula¬ 
tion  such  as  this)  end  the  onset  of  webbing  tension.  The  sleek  time  is  related  to  the  "ride-down"  time 
described  by  Morris  (8)  in  that  the  sum  of  the  two  time  intervals  is  the  duration  of  the  crash  decelera¬ 
tion  in  a  vehicle  collision.  During  the  slack  time,  the  occupent  is  not  restrained  by  the  harness  and 
will  move  out  of  the  accelerating  seet  with  increasing  reletive  velocity.  Longer  slack  times  in  the 
shoulder  belt  are  sssocieted  with  greater  excursions  of  the  occupent  head  and  chest  and  greater  peak 
forcea  aa  the  occupant  is  finally  caught  by  the  belts.  Figure  5  shows  the  sleek  time  for  the  shoulder 
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strap  (belt  tension  transducer  number  2)  as  a  function  of  belt  slack  for  the  three  types  of  belts.  The 
slack  time  Is  the  Interval  between  the  onset  of  sled  acceleration  and  the  onset  of  tension  recorded  by 
the  belt  tension  transducer. 
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Figure  4  -  Belt  pullout  (t  standard  deviation) 
aa  a  function  of  belt  slack;  •  -  Type  C  har¬ 
ness,  A  -  Type  D  harness. 

Figure  3  clearly  shows  that  slack  time  Increases  with  slack.  There  la  a  considerable  slack  time 
even  at  zero  slack,  25  ms  for  the  Type  A  and  D  belts  and  33  ms  for  the  Type  C.  The  Importance  of  this 
slack  time  can  be  seen  by  considering  Its  relation  to  the  acceleration  and  velocity  of  the  sled  and  seat 
in  a  typical  run.  At  25  ms,  the  sled  has  reached  more  than  three-quarters  of  Its  maximum  acceleration 
and  has  changed  Its  velocity  by  0.23  of  the  final  change.  At  65  as,  the  acceleration  of  the  sled  haa 
begun  to  decrease  and  the  sled  la  moving  at  about  two-thirds  of  Its  greatest  velocity.  Thus,  It  is 
expected  that  there  will  be  an  increase  in  the  relative  velocity  of  the  dummy  chest  and  the  seat  between 
25  and  65  aa  of  slack  time,  and  a  consequent  increase  In  the  acceleration  of  the  chest  as  it  Is  caught 
by  the  belt. 
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Figure  5  -  flack  time  (±  standard  deviation) 
determined  from  belt  tension  transducer  number 
2  as  a  function  of  belt  slack;  •-  Type  A  har¬ 
ness,  A-  Type  C  harness,  ■-  Type  D  harness. 


Figure  6  -  Slack  time  (±  standard  deviation) 
determined  from  belt  tension  transducer  number 
5  as  a  function  of  belt  slack;  •  -  Type  A  har¬ 
ness,  a  -  Type  C  harness,  ■-  Type  D  harness. 
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Figure  6  shows  Che  slack  time  as  measured  by  belt  tension  transducer  number  5  on  the  lap  belt. 
Here  the  slack  time  is  naarly  constant,  indicating  that  little,  if  any,  of  the  slack  in  the  shoulder 
belt  passes  through  the  D-ring  separating  Che  two  parts  of  the  webbing  into  the  lap  belt.  The  slack 
time  for  the  Type  D  belts  is  about  10  ms  graater  because  of  the  retractor  in  the  lap  belt. 

4 .  TRAJECTORIES 

The  trajectories  of  three  targats  on  the  dummy  were  measured  from  the  films  taken  with  the  right- 
hand  camera.  These  targets  were  placed  on  the  head,  on  the  shoulder,  and  towards  the  upper  end  of  the 
femur.  A  fourth  target  mounted  on  Che  dummy  pelvis  was  impossible  to  follow  because  the  lap  strap 
obscured  it  from  view. 

The  positions  of  tha  targets,  relative  to  a  fixed  point  on  the  sled,  were  measured  in  selected 
frames  of  the  film.  The  times  at  which  the  frames  were  exposed  were  determined  from  10-ms  timing  marks 
exposed  on  the  film.  Then  the  positions  of  the  dummy  targets  at  10-ms  intervals  from  0.0  ms  to  150.0  ms 
were  determined  by  linear  interpolation.  These  are  plotted  on  an  X-Y  scale  for  each  of  Che  three  belt 
types  and  belt  slack  values  of  0.0,  5.0,  10.0  and  25.0  cm  in  Figures  7  through  18. 


Figure  7  -  Trajectory  Plot:  Type  A  harness,  Figure  8  -  Trajectory  Plot:  Type  A  harness, 
0.0  cm  slack.  5.0  cm  slack. 


Tha  crajactorias  show  moat  clearly  tha  efface  of  tha  axcra  slack  on  dummy  motion  and  tha  way  in 
whic'.  ratractors  modify  this  affact.  One  can  see  the  evolution  of  the  trajactoriea  as  the  slack 
incraasus  for  aach  typa  of  belt.  Generally,  chare  is  greater  forward  motion  of  tha  shoulders  and  head 
as  the  slack  incraasas.  At  25-cm  slack  (Figures  10,  14,  and  18),  the  head  is  almost  in  front  of  Che 
shouldars  at  tha  extremity  of  its  forward  motion  with  all  belts;  with  tha  Typa  C  belt,  it  is  directly 
above  the  knea  (Figure  14),  as  if  no  shoulder  strap  had  been  prasant. 

With  tha  Typa  A  and  Type  C  belts,  there  is  no  parcaptible  change  in  the  motion  of  the  lag  targat 
with  incraasing  belt  slack  if  the  belt  slack  is  15  cm  or  lass.  At  25-cm  slack,  the  forward  motion  of 
the  lag  s'gat  increases  by  about  3  cm  (Figures  10  and  14).  This  indicates  chat  some  of  Che  shouldar 
belt  wabbiog  does  pass  through  tha  D-ring  into  tha  lap  portion  of  tha  belt  when  the  belt  slack  is  25 
cm.  In  the  othar  cases,  tha  slip  of  webbing  through  tha  D-ring  is  essentially  negligible  during  a 
simulated  impact;  tha  two  parts  of  the  harness  behava  as  fixed  lengths  of  webbing. 

Of  greater  intarast  is  a  comparison  of  tha  three  types  of  hernass  when  the  belt  slack  is  tha  same. 
The  Typa  C  harness  permits  greater  forward  motion  of  the  haad  and  shouldars  for  a  givan  slack  than  the 
Type  A  harness.  This  diftarence  is  the  rssulc  of  belt  pullout,  which  is  about  7  cm,  as  described 
above.  A  comparison  of  the  trajectories  obtained  with  the  Typa  A  harness  at  10-cm  slack  (Figure  9)  anu 
tha  Type  C  harness  at  no  slack  (Figure  11)  shows  that  they  ara  almost  the  same  on  the  forward-moving 
part,  but  that  tha  Typa  A  harness  draws  the  head  and  shouldars  back  more  quickly  than  tha  Typa  C  har¬ 
ness.  This  differenca  is  due  to  the  extra  webbing  on  tha  real  in  tha  Typa  C  ha  mass ,  which  causae  the 
shouldar  strap  to  respond  lass  stiffly  to  sxcansion. 

In  terms  of  its  affact  on  head  and  shouldar  crajactorias,  an  ELK  on  the  shouldar  strap  is  almost 
equivalent  to  7  cm  of  slack  webbing. 
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The  differenced  between  the  trajectories  produced  by  the  Type  A  and  Type  D  harnesses  are  more 
subtle.  The  Type  D  harnesses  allow  greater  forward  notion  of  the  pelvis  as  demonstrated  by  the  notion 
of  the  leg  target  in  Figures  13  to  18.  The  difference  is  about  3  cm. 

The  trajectories  also  show  that  the  shoulder  target  exhibits  greater  downward  vertical  motion  with 
the  Type  D  harness  at  all  values  of  belt  slack.  The  trajectory  of  the  head  target  with  the  Type  D  har¬ 
ness  is  very  similar  to  that  of  the  head  target  with  the  Type  A  harness.  The  greatest  forward  motion  is 
slightly  less  with  the  Type  D  harness,  and  this  difference  may  not  be  significant. 

Figure  19  shows  the  peak  forward  excursion  of  the  forwsrd-most  point  of  the  dummy  head  as  a 
function  of  belt  slack  for  the  three  harness  types.  (The  forwsrd-most  psrt  of  the  head  is  not  the  head 
target  whose  trajectory  is  given  in  the  previous  figures,  but  is  of  signficance,  as  it  indicates  the 
position  of  a  verticsl  plane  in  front  of  the  dummy  which  would  be  struck  by  the  head  in  a  deceleration 
similar  to  the  one  simulated.) 


Figure  9  -  Trajectory  Plot:  Type  A  harness.  Figure  10  -  Trajectory  Plot:  Type  A  harness, 
10.0  cm  slack.  25.0  cm  slack. 
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Figure  11  -  Trajectory  Plot:  Type  C  harness 
0.0  cm  slack. 


Figure  12  -  Trajectory  Plot:  Type  C  harness 
5.0  cm  slack. 
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Figure  13  -  Trajectory  Plot:  Type  C  harness,  Figure  14  -  Trajectory  Plot:  Type  C  harness, 
10.0  cm  slack.  25.0  cm  slack. 
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Figure  15  -  Trajectory  Plot:  Type  0  harness, 
0.0  cm  slack. 

Figure  16  -  Trajectory  Plot:  Type  0  harness, 

5.0  cm  slack. 
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Figure  17  -  Trajectory  Plot:  Type  D  harness 
10.0  cm  slack. 


Figure  18  -  Trajectory  Plot:  Type  0  harness, 
25. D  cm  slack. 
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Figure  19  -  Maximum  forward  excursion  of  the 
duinty  head  as  a  function  of  belt  slack;  •  - 

Type  A  harness ,  a  -  Type  C  harness ,  ■  -  Type  \ 

0  harness.  i 
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5.  SUBMARINING 

The  dummy  used  in  chese  tests  was  not  equipped  with  any  transducer  designed  to  indicate  "submarin¬ 
ing",  such  as  that  described  by  Leung  et_  al.  (7),  Because  the  problem  of  submarining  ia  important  in 
the  design  of  automotive  seat  and  restraint  systems,  the  films  were  examined  to  determine  whether  there 
was  overt  submarining  in  any  of  the  tests;  i.e.,  whether  the  lap-belt  rode  above  the  pelvis  and 
compressed  the  abdomen. 

The  films  show  that  the  dummy  pelvia  did  tend  to  rotate  forward  under  the  lap  belt,  and  this  rota¬ 
tion  was  most  noticeable  with  Type  D  belts.  However,  in  no  instance  did  the  lap  strap  ride  above  the 
pelvis  and  bear  directly  on  the  abdomen.  The  rotation  of  the  pelvis  is  the  likely  cause  of  the  greater 
vertical  motion  of  the  shoulder  target  found  with  the  Type  D  belts. 

These  observations  suggest  that  the  Type  D  belt  may  be  more  likely  to  induce  submarining  than  the 
others,  but  they  are  not  conclusive.  Whether  or  not  submarining  occurs  depends  upon  the  seat  and  foot 
restraint  as  well  as  the  lap-belt. 

6 .  ACCELERATIONS 

Figure  20  shows  the  average  and  standard  deviations  of  the  maximum  resultant  accelerations  of  the 
chest  recorded  in  the  two  tests  with  each  value  of  belt  slack  and  each  harness  type.  It  can  be  seen 
that  the  peak  acceleration  of  the  chest  increases  almost  linearly  with  slack,  particularly  with  the  TyDe 
A  harness. 

The  acceleration  of  the  dummy  cheat  in  a  harness  in  which  the  shoulder  belt  la  slack  should  be  most 
similar  to  the  very  simple  dynamic  model  for  the  behaviour  of  the  occupant  of  a  slack  belt  proposed  by 
Aldman  and  Asberg  (3).  These  authors  discussed  the  behaviour  of  a  single  mass  on  a  spring  which 
attached  it  to  a  vehicle  which  decelerated  as  in  a  collieion.  The  spring  had  some  slack,  which  allowed 
the  mass  to  move  relative  to  the  vehicle  without  a  restraining  force.  They  showed  that  the  peak 
acceleration  of  the  mass  was  a  complex  function  of  the  acceleration  of  the  vehicle  as  a  function  of  time 
as  well  as  the  slack  length.  There  is  no  reason  a  priori  to  belive  that  the  peak  acceleration  of  the 
mass  is  a  linear  function  of  the  slack  length.  It  would  appear  that  the  linearity  of  the  above  results 
is  a  fortuitous  consequence  of  the  choice  of  acceleration-time  profile  and  belt-slack  values. 

The  peak  acceleration  of  the  chest  is  twice  that  of  the  sled  even  at  aero  slack;  this  is  a  con¬ 
sequence  of  the  slack  time  at  zero  slack  which  can  only  be  eliminated  by  coneiderable  pretensioning  of 
the  webbing. 
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Figure  20  -  Peak  resultant  cheet  acceleration 
(t  etandard  deviation)  ae  a  function  of  belt 
elack;  •  -  Type  A  harneea,  A-  Type  C  hameee, 
■  -  Type  0  hsmeei. 
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Figure  21  -  Peak  reeultant  head  acceleration  (± 
etandard  deviation)  ae  a  function  of  belt 
elack;  •-  Type  A  hameee,  A-  Type  C  harneee, 
■  -  Type  D  hameee. 
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The  peak  chest  acceleration  with  the  Type  C  harness  is  shout  the  sane  as  that  with  the  Type  A  har¬ 
ness  at  aero  slack  but  increases  less  rapidly  with  belt  slack  so  thst,  at  15-cm  and  25-cm  slack,  the 
peak  accelerations  are  less  than  with  the  Type  A  harness.  The  reduced  peak  accelerations  at  greater 
slack  ate  the  consequence  of  the  reduced  webbing  stiffness  of  the  longer  webbing  of  the  Type  C  shoulder 
strap. 


Except  at  25-cm  slack,  the  Type  D  harness  produces  the  greatest  chest  acceleration  at  a  given  value 
of  slack.  The  difference  is  not  significant. 

According  to  the  United  States  Federal  Motor  Vehicle  Safety  Standard  208  (1),  the  Type  A  and  D  har¬ 
nesses  would  fail  the  criterion  for  chest  injury  at  a  belt  slack  of  25  cm  but  not  at  lower  slack 
values.  The  chest  acceleration  was  greater  than  60  G  for  a  period  of  more  than  3  os  in  these  tests. 

The  peak  accelerations  of  the  dummy  head  are  presented  similarly  in  Figure  21.  Peak  head  accelera¬ 
tion  is  a  more  complex  function  of  belt  slack  and  harness  type  than  pesk  chest  acceleration.  The 
expected  increase  with  incressing  belt  slack  is  shown  with  Type  A  and  Type  D  harnesses  but  the  Type  C 
harness  causes  the  peak  head  acceleration  to  be  nearly  constant. 

Although  these  accelerations  are  about  three  times  the  maximum  acceleration  of  the  sled,  they  are 
not  significant  in  terms  of  head  injury.  Whether  .he  harness  would  allow  the  occupant's  head  to  strike 
a  surface  within  the  vehicle  with  sufficient  force  to  cause  injury  depends  on  the  particular  vehicle  and 
the  head  trajectories  described  above. 

7.  BELT  TENSIONS 

The  belt-tension  records  obtained  in  these  tests  were  of  interest  not  only  for  determining  the 
slack  time  but  also  for  determining  the  maximum  tension  on  the  webbing  as  a  function  of  harness  type  and 
belt  slack.  Some  investigators  have  explored  the  use  of  webbing  tension  in  automotive  harnesses  as  an 
indicator  of  potential  injury  to  the  chest  and  abdomen  of  the  occupant  (13).  Since  the  acceleration  of 
the  chest  is  already  used  as  an  Indicator  of  potential  injury  and  is  an  indicator  of  the  net  force  on 
the  chest,  it  is  of  Interest  to  compare  the  belt  loads  to  the  chest  accelerations  measured  in  these 
tests. 


The  peck  belt  tension  measured  by  transducer  number  2  on  the  shoulder  strap  is  plotted  as  a 
function  of  belt  slack  for  the  three  harness  types  in  Figure  22.  (No  suitable  records  were  available 
from  this  transducer  in  tests  of  the  Type  C  harness  at  25-cm  slack.)  Although  the  peak  belt  tension  in 
Type  A  and  D  harnesses  does  increase  with  belt  slack,  the  increase  is  relatively  not  as  great  as  that  of 
the  peak  chest  acceleration.  The  peak  tension  in  the  Type  C  harness  is  independent  of  belt  slack.  In 
both  the  Type  A  and  D  harnesses,  the  peak  tension  does  not  increase  from  15  to  25  cm  of  belt  slack; 
this  is  likely  to  be  the  result  of  the  Impact  of  the  chest  against  the  knees  taking  some  of  the  force 
required  to  accelerate  the  chest. 
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Figure  22  -  Peak  tension  (i  standard  dsvistion) 
recordad  by  bait  tansioo  transducer  number  2  as 
a  function  cf  bait  slack;  • -  Type  A  harness ,  A 
-  Type  C  harness ,  ■ -  Type  D  harness. 


Figure  23  -  Peak  tension  (i  standard  deviation) 
recordad  by  belt  tension  transducer  number  S  as 
a  function  of  bait  slack;  •  -  Type  A  harna.s ,  A 
-  Type  C  herneee,  ■ -  Type  D  harness. 
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The  paradoxical  result  chat  chest  acceleration  increases  markedly  with  slack  where  belt  tension 
does  not  can  be  explained  by  the  fact  that  Che  belt  geometry  at  the  time  of  peak  tension  changes  greatly 
with  increasing  slack.  As  Che  chest  moves  further  forward,  the  shoulder  belt  is  more  nearly  parallel  to 
the  acceleration  of  the  chest,  and,  therefore,  the  force  required  to  accelerate  the  chest  is  a  greater 
fraction  of  the  resultant  tension  in  the  belt.  Viano  et  al.  (13)  found  a  similar  result  when  exploring 
the  belt  tension  as  a  function  of  slack  in  simulations  and  mathematical  models. 

Figure  23  shows  chat  the  peak  belt  tensions  recorded  by  transducer  number  3  increased  slightly  with 
belt  slack.  The  Type  C  harness  produces  the  highest  tension,  except  at  25-cm  slack,  and  the  Type  D  pro¬ 
duces  the  lowest.  The  latter  may  be  the  result  of  the  reduced  effective  stiffness  of  the  webbing  on  an 
ELR  noted  before  in  connection  with  the  chest  acceleration  in  the  Type  C  harness.  The  greater  forward 
excursion  of  the  pelvis  with  the  Type  D  belts  would  cause  the  seat  to  take  more  of  the  force  accelera¬ 
ting  the  dummy  pelvis. 

GENERAL  CONCLUSIONS 

The  preceding  discussion  of  Che  individual  measurements  leads  to  a  general  picture  of  the  effects 
of  belt  slack  and  harness  type  on  the  motion  of  the  dummy  during  simulated  collicions. 

Increasing  belt  slack  in  the  shoulder  strap  allows  increased  forward  motion  of  Che  dummy  head  and 
chest  during  impact.  At  about  23-cm  slack,  the  shoulder  strap  is  almost  completely  ineffective  as  the 
dummy  chest  begins  to  contact  the  femur  at  its  forward-most  extremity  of  motion. 

The  greater  forward  motion  is  accompanied  by  greater  accelerations  as  the  head  and  chest  are 
arrested  by  the  restraints. 

The  forward  motion  of  the  pelvis  is  not  significantly  affected  by  belt  slack,  since  tha  belt  does 
not  slip  through  the  D-ring  separating  the  lap  and  shoulder  portions  of  the  webbing  during  a  collision, 
except  at  23-cm  slack. 

An  ELR  in  the  shoulder  harness  has  two  effects.  The  webbing  is  effectively  extended  by  about  7  cm, 
because  this  amount  is  allowed  to  spool  from  the  ELR.  The  consequences  of  this  are  greater  forward 
motions  cf  the  head  and  chest,  with  correspondingly  greater  risks  of  head  injury  through  striking  the 
vehicle  interior.  The  webbing  on  the  reel  reduces  the  effective  stiffness  of  the  webbing,  so  that 
although  the  forward  motion  of  the  head  and  chest  are  greater  than  those  produced  by  a  harness  without 
retractors,  the  peak  accelerations  of  these  parts  are  less. 

An  ELR  in  the  lap  belt  does  not  have  the  same  effect  as  a  shoulder  belt  retractor.  It  permits 
greater  forward  motion  of  the  dummy  pelvis,  and  may  make  submarining  more  likely.  The  head  and  shoulder 
trajectories  and  tccelerationa  are  similar  to  those  in  a  harness  without  an  ELR. 

What  signflcance  do  these  findings  have  for  those  evaluating  rastralnt  systems  for  military  or 
civilian  vehicles?  Tha  additional  forward  motion  of  the  head  allowed  by  an  ELR  in  the  shoulder  belt  can 
hava  the  most  serious  consequences  if  the  available  space  in  the  upper  part  of  the  passenger  compartment 
is  limited,  as  it  is  with  many  modern  cars  (6,12).  Similar  problems  are  expected  for  drivers  who  have 
staarlng  wheels  or  other  potential  sources  of  injury  within  the  range  of  motion  of  their  chests. 

In  view  of  these  hasards,  the  users  of  ELR-equipped  restraints  should  not  be  advised  to  leave  the 
shoulder  strap  slack  or  defeat  the  tension  of  tha  retractor  spring. 

It  may  be  impossible  to  duplicate  tha  easy  installation  and  adjustment  of  harnesses  equipped  with 
ELR's  by  other  means.  Retractors  may  continue  to  be  usaful  in  civilian  and  military  vehicles  whera 
these  features  are  necessary  to  ansura  the  correct  use  of  restraints.  If  the  headroom  is  extramely 
limited  and  webbing  retractors  ara  considered  necessary,  the  designer  has  the  choice  between  a  praten- 
sloning  retractor  of  the  typa  described  by  Svensson  (12)  in  the  shoulder  belt,  or  a  retractor  in  the  lap 
belt. 


Each  system  has  potential  disadvantages.  Pratsnsioning  ratractors  apparently  work  well,  but  may 
add  to  the  cost  of  a  restraint  system  and  craata  additional  noise  hazards.  A  retractor  in  the  lap  belt 
may  allow  submarining  to  occur  where  it  otherwise  would  be  prevented.  Restraints  fitted  this  way  may  be 
effective  if  used  with  anti-submarining  seat  designs  (12)  or  knee  bolsters. 

In  any  case,  the  importance  of  dynamic  tests,  with  visual  inspection  of  films,  in  tha  evaluation  of 
naw  rastralnt  systems  cannot  be  overstated. 
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SUMMARY 

MADYMO  .s  a  compact  general  purpose  computer  program  package  for  two  or  three-dimensional  crash 
victim  simulations.  The  program  predicts  the  kinematic  and  dynamic  behaviour  of  the  victim  during  the 
crash,  based  on  data  of  the  victim,  the  environment,  the  safety  devices  and  the  crash  conditions.  The 
package  differs  from  most  of  the  existing  CVS  programs  by  its  flexibility  in  choice  of  number  of  linkages 
and  number  of  elements  in  each  linkage.  Great  flexibility  in  the- modelling  of  force  interactions  between 
elements  and  environment  is  assured  by  the  fact  that  user-defined  submodels  can  readily  be  incorporated. 
The  package  is  used  Tor  basic  biomechanical  crash  research  as  well  as  for  the  development  and  optimiza¬ 
tion  of  crash  safety  devices  such  as  seat  belts,  child  seats  and  vehicle  paddings.  This  paper  discusses 
some  recent  applications  of  this  program  package,  with  special  emphasis  on  the  validity  of  the  model  and 
computer  aided  design  aspects. 


INTRODUCTION 

In  the  field  or  automotive  and  aircraft  safety  research,  simulation  of  crashes  to  study  the  effects  on 
the  human  body  is  of  vital  importance  in  order  to  evaluate  and  improve  crash  safety  devices  and  occupant 
environment.  Most  or  this  work  is  done  by  means  of  experiments,  using  instrumented  dummies,  cadavers, 
and  occasionally  animals  or  volunteers. 

During  the  past  years  more  and  more  emphasis  has  been  piaced  on  the  use  of  mathematical  models  in 
this  field.  Particularly,  If  such  models  are  used  as  a  complementary  research  tool  to  experimental  work, 
they  may  significantly  contribute  to  the  Insight  in  the  behaviour  of  complex  blodynamical  system'-. 

This  paper  deals  with  models  of  the  type  gross-motion  simulators,  which  describe  the  human  body 
(or  other  structures)  by  means  of  a  number  of  connected  rigid  bodies.  Computer  programs  for  this  type 
or  simulations  have  been  developed  in  the  past  years  by  a  number  of  investigators.  A  review  of  several  of 
these  programs  is  given  by  Robbins  (1)  and  King  (?)  The  modeis  vary  in  complexity  and  are  e'ther  two 
or  three-dimensional.  They  are  limited  mostly  to  a  fixed  number  of  rigid  bodies,  all  belonging  to  one  link¬ 
age  system.  An  exception  is  the  Calspan  3D  model  that  allows  definition  of  more  than  one  linkage  system 
with  a  varying  number  of  elements. 

Some  of  the  crash  victim  simulation  models  have  Intensively  been  used  for  aircraft  safety  related 
problems.  Examples  are  the  Articulated  Total  Body  (ATB)  computer  model,  developed  at  the  Aerospace 
Medical  Research  Laboratory,  Dayton,  Ohio  (3)  and  the  Seat/Occupant  Model  -  Light  Aircraft  (SOM-LA) 
developed  at  Ultrasystems,  Phoenix,  Arizona  (4).  Both  models  are  3-dimensional.  The  ATB  model  Is  based 
on  the  Calspan  3D  model.  Several  modifications  were  introduced,  like  the  capability  to  apply  aerodynamic 
forces  to  the  human  body  as  are  experienced  during  ejection  from  the  aircraft.  The  SOM-LA  model  was 
particularly  developed  to  provide  a  practical  engineering  tool  for  use  In  crashworthy  design  and  evalua¬ 
tion  of  seats  and  restraint  systems  for  light  aircrafts.  The  seat  in  this  model  can  be  represented  by 
means  of  the  finite  element  analysis  technique. 

All  models  dealt  with  in  the  review  papers  of  Robbins  (1)  and  King  (2)  were  developed  in  United 
States  laboratories.  The  present  study  describes  some  aspects  of  the  computer  package  MADYMO,  which 
has  been  developed  In  the  Netherlands,  at  the  Research  Institute  for  Road  Vehicles,  TNO.  A  review  is 
given  of  several  recent  applications  of  MADYMO  in  the  field  of  automotive  safety.  Attention  will  succes¬ 
sively  be  given  to  the  child's  response  in  a  frontal  collision,  to  the  simulation  of  side  Impacts  and  to 
pedestrian  accidents.  In  addition,  two  examples  will  be  given  of  the  use  of  MADYMO  as  a  design  tool. 


DESCRIPTION  OF  THE  MADYMO  CVS  PROGRAM  PACKAGE 

MADYMO  Is  a  compact  general  purpose  computer  program  package  for  two-  or  three  dimensional  simu¬ 
lations  of  human  body  gross  motions. The  program,  which  Is  based  on  rigid  body  dynamics  using  Lagrange 
equations,  can  be  used  to  simulate  one  or  more  linkage  systems  having  no  closed  loops  (see  Fig.  1).  The 
number  of  elements  (rigid  bodies)  In  each  linkage  system  can  be  selected  freely.  The  connections  (joints) 
between  the  elements  in  a  linkage  system  are  of  the  hinge  type  for  the  two  dimensional  and  of  the  ball 
and  socket  type  for  the  three  dimensional  simulations.  Relative  rotations  In  theso  joints  are  resisted  by 
non-linear  torsional  springs,  viscous  dampers  and  coulomb  frictions. 


Figure  1  Linkage  systems  in  force  interaction. 


Various  types  of  external  forces  can  be  applied  on  the  segments,  like  restraint  forces,  contact 

forces,  gravity  and  inertia  forces.  Thes.  forces  are  specified  as  a  function  of  segment  (relative)  position, 

segment  (relative)  velocity  or  as  a  function  of  time  and  in  general  they  can  act  on  an  arbitrary  point  of 
the  segment.  The  program  is  of  a  modular  structure  which  facilitates  the  easy  incorporation  of  user- 
defined  '^rce  algorithms.  For  example,  it  is  possible  in  this  way  to  simulate  more  complex  joints  than  the 
hinge  or  ne  ball  and  socket  type,  by  the  introduction  of  joirn.  force  routines  that  act  on  two  (or  more) 
segments  of  the  same  or  of  separate  linkage  systems. 

The  systems  response  is  described  by  the  Lagrange  equations  of  motion  as  a  function  of  n  indepen¬ 
dent  coordinates  q.  (j:  1  ....  n).  These  coordinates  q.,  are  generalized  coordinates  corresponding  to  the 

degrees  of  freedom  of  the  system.  The  equations  of  mfction  are  generated  by  MADYMO  and  are,  for  pur¬ 

poses  of  computation,  expressed  in  the  following  form  (5): 

s  a  =  rs  +  rk  m 

where  the  elements  of  symmetrical  (nxn)  matrix  S  and  the  column  matrix  r  are  dependent  on  the  systems 
position  (specified  by  g),  the  mass  distribution  and  the  geometry.  The  elements  of  r  in  addition  are  a 
function  of  the  systems  velocity  (specified  by  Q).  The  elements  of  r.  are  generalized  forces  which  are 
obtained  from  the  joint  torques  and  the  external  apolied  forces.  The  Solution  of  the  set  of  second  order 
non-linear  differential  equations  (Eq.  1)  is  obtain*  :  by  numerical  integration.  The  package  contains  a 
standard  output  print  option  of  all  input  and  calculated  data.  For  most  simulations  the  user  is  interested 
in  only  a  small  portion  of  the  output  data,  which  can  be  obtained  by  a  simple  user-defined  subroutine  for 
printing  these  data.  This  same  routine  may  be  used  to  generate  data  files  for  post-processing  plot- 
programs.  Fig.  2  •‘i'.istrates  the  output  of  one  of  these  plot  programs,  a  graphic  package  with  hidden  line 
options  for  the  representation  of  30  kinematics. 


Figure  2  Examples  of  output  of  the  advanced  graphic  package  for  the 
representation  of  30  kinematics. 


The  MADYMO  package  contains  a  two  and  a  three-dimensional  option.  The  size  of  the  standard 
program  files  is  about  1800  and  2200  Fortran  lines  for  the  two  and  three-dimensional  parts  respectively 
(these  numbers  include  the  explanatory  comment  lines).  The  memory  storage  needs  and  the  computer  run 
times  are  dependent  on  the  specific  simulation  data,  such  as  number  of  modelled  elements,  number  of 
contacts  allowed  etc. 

The  versatility  of  the  MADYMO  program  package  for  a  wide  variation  of  applications  will  be  shown 
now  by  a  selection  of  simulations  that  were  conducted  in  the  past  years. 
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SIMULATION  OF  A  CHILD  OCCUPANT  IN  A  FRONTAL  COLLISION 

The  first  example  is  the  simulation  of  an  impact  sled  test  with  a  child  in  a  harness  type  child  re¬ 
straint  system  (Fig.  3).  Details  of  this  study  were  presented  at  the  23th  Stapp  Conference  (6).  Owing  to 
the  2D  nature  of  the  motions  the  2D  option  of  MADYMO  was  used  for  this  analysis.  Two  linkage  systems 
were  defined:  one  to  represent  the  child  and  the  other  for  the  child  restraint  system  (Fig.  4).  The  force 
interactions  between  the  restraint  system  and  the  child,  and  between  the  restraint  system  and  the  sled 
seat  are  simulated  by  a  number  of  springs  (representing  belts)  and  ellipse-plane  models  (representing 
geometrical  contacts). 


Figure  3  Test  set  up  of  a  child  in  a  Figure  4  Mathematical  rep.  esentation  of  a  child  in  a 

harness  type  child  restraint  child  restraint  system, 

system . 


Model  results  were  compared  with  two  sled  tests  conducted  at  the  Highway  Safety  Research  Institute 
in  Michigan:  one  sled  test  with  a  3-year  old  Part  572  dummy  and  the  other  with  a  child  cadaver.  To 
simulate  the  child  dummy,  detailed  geometrical  mass  distribution  and  joint  property  measurements  were 
conducted  at  the  dummy;  for  the  cadaver  only  dimensions  and  total  body  weight  were  known,  so  here 
estimations,  based  on  data  in  literature,  had  to  be  made  for  the  remaining  input  data.  Fig.  5  shows  the 
belt  forces  and  the  resultant  accelerations  of  the  cadaver  experiment  together  with  cadaver  model  pre¬ 
dictions.  In  general  a  satisfactory  agreement  could  be  obtained  between  model  and  experimental  results. 
Model  predictions  of  the  dummy  behaviour  were,  however,  found  to  be  more  realistic  than  for  the 
cadaver,  which  may  mainly  be  due  to  the  great  number  of  estimations  that  had  to  be  made  for  the  mass 
distribution  and  joint  properties  of  the  cadaver. 


Figure  5  Comparison  of  belt  forces  end  resultant  accelerations  of  the 
cadaver  experiment  with  cadaver  model  predictions; 

-  =  model;  - *  experiment 


SIMULATIONS  OF  SID..  IMPACTS 


Side  impacts  produce  a  significant  portion  of  the  present  fatality  and  injury  totals.  In  the  past  five 
years  injury  protection  for  this  type  of  accidents  has  become  an  important  research  objective.  A  large 
part  of  the  present  research  in  this  complex  field  is  directed  toward  obtaining  insight  in  the  injury 
mechanisms,  establishment  of  injury  protection  criteria  and  toward  the  development  of  lateral  impact  crash 
dummies  enabling  injury  detection  of  the  most  endangered  areas  of  the  human  body. 

With  the  MADVMO  package  several  2D  as  well  as  3D  models  were  formulated  enabling  the  simulation  of 
the  occupant  in  side  impacts.  Such  models  can  be  used  for: 

-  the  interpretation  and  enhancement  of  biomechanical  data  obtained  from  experiments 

-  computer  aided  design  of  dummy  components 

-  improvement  and  optimization  of  vehicle  side  structure  and  interior  paddings. 

Models  were  formulated  for  two  different  dummies  (the  Part  572  50th  percentile  male  dummy  and  the 
APROD  80  dummy).  The  APROD  80  dummy  is  a  modification  of  the  Part  572  dummy  with  the  aim  of 
obtaining  a  more  realistic  behaviour  in  lateral  impacts  (7).  Differences  between  these  dummies  are  in  the 
shoulder,  the  arm  and  the  thoracic  cage  design. 

Model  predictions  were  compared  with  experimental  results  under  relatively  simple  test  conditions: 
sled  tests  and  drop  tests.  Details  of  these  simulations  are  described  in  reference  (8).  Fig.  6  illustrates 
the  kinematics  of  the  Part  572  dummy  in  a  rigid  wall  sled  test.  Model  results  like  contact  loads  and  head, 

chest  and  pelvis  accelerations  were  found  to  agree  quite  well  with  experimental  results.  That  is,  model 

predictions  were  close  to  or  within  the  range  of  experimental  repeatability.  The  differences  in  behaviour 
between  the  Part  572  dummy  (stiff  shoulder)  and  APROD  80  dummy  (flexible  shoulder),  as  well  as  tha 

effect  of  this  on  padding  loads  and  on  padding  deformations  could  clearly  be  indicated  by  the  model. 

Differences  between  the  results  of  2D  and  3D  simulations  for  these  simple  test  conditions  (i.e.  pure 
lateral  impacts)  were  found  to  be  small,  which  indicates  that  for  certain  applications  the  simple  and 
cheaper  2D  option  can  be  used  with  sufficient  confidence. 


0  ms  10  ms  20  ms  30  ms 


Figure  6  Mathematical  simulation  of  a  Part  572  dummy  in  a  rigid  wall  sled  test  (25  km/h). 
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Figure  8  Comparison  of  resultant  chest  and  head  accelerations 

measured  at  a  Part  572  dummy  in  a  Peugeot  504  during 
a  lateral  collision  (75  km/h)  and  corresponding  mathe¬ 
matical  simulation. 

-  =  model;  - =  experiment 

The  3D  side  impact  model  was  also  used  to  simulate  a  much  more  complicated  situation:  a  real  col¬ 
lision  between  a  Peugeot  504  (stationary)  impacted  on  the  side  (impact  angle  70°)  by  an  other  Peugeot  504 
having  a  velocity  of  approximately  75  km/h.  For  this  accident  several  experimental  reconstructions  were 
conducted  by  the  Lab.  of  Phys.  and  Biom.  Peugeot  S.A./  Renault.  The  mathematical  simulation  was 
limited  to  the  interaction  between  the  occupant  in  the  struck  vehicle  (a  Part  572  dummy)  and  the  inside 
structure  of  the  vehicle.  The  displacement  of  the  struck  door,  i.e.  the  sum  of  the  struck  vehicle  dis¬ 
placements  and  structural  deformations  was  used  as  model  input.  The  stiffness  characteristics  of  door 
padding  and  of  the  arm-rest  were  determined  with  a  hydraulic  tester.  The  predicted  dummy  kinematics  in 
this  accident  are  presented  in  Fig.  7.  Model  and  experimental  resultant  head  and  chest  accelerations  are 
summarized  in  Fig.  8.  It  can  be  seen  that  chest  accelerations  are  quite  well  predicted  by  the  model;  the 
head  acceleraticn-time  histories,  however,  differ  considerably  from  those  in  reality. 
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Figure  9  Mathematical  simulation  of  a  Part  S72  dummy  impacted  at  the  side  by  the  vehicle  front  of 
an  Audi  100  (impact  velocity  40  km/h). 
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SIMULATION  OF  PEDESTRIAN  COLLISIONS 

Since  the  end  of  1980  three  research  institutes:  Bundesanstalt  fur  Strassenwesen  (BASt),  Organisme 
National  de  Securite  Routiere  (ONSER)  and  the  Research  Institute  for  Road  Vehicles  (TNO)  have 
cooperated  in  the  field  of  pedestrian  safety.  The  aim  of  this  study  is  to  propose  a  standardized  test 
methodology  that  can  be  applied  to  pedestrian  safety  tests  carried  out  for  research  purposes  or  for  com¬ 
pliance  testing  of  passenger  cars. 

As  a  part  of  this  project  a  relatively  simple  pedestrian-model  has  recently  been  formulated  with  the 
MADYMO  package.  The  model  is  two-dimensional  and  has  5  segments:  one  for  the  head,  two  for  the  torso, 
one  for  the  upper  legs  and  one  for  the  lower  legs.  A  new  contact  model  was  developed  for  the  simulation 
of  the  interaction  between  pedestrian  and  vehicle.  The  external  geometries  of  pedestrian  and  vehicle  are 
simulated  in  this  model  by  hyperellipses.  Such  hyperellipses  are  particularly  attractive,  for  the  represen¬ 
tation  of  the  car  and  bumper  geometry,  since  vehicle  edges  can  quite  well  be  approximated. 

The  example  presented  here  is  a  Part  b72  50th  percentile  male  dummy  impacted  by  a  vehicle  of  the 
type  Audi  100.  The  impact  velocity  is  40  km/h.  Since  accident  analyses  show  that  pedestrians  are  mostly 
impacted  at  their  side  by  the  vehicle  front,  the  mathematical  model  was  applied  for  this  situation.  In  the 
primary  phase  of  this  project  no  stiffness  measurements  at  the  car  front  were  planned,  so  these  model 

parameters  had  to  be  estimated  from  data  in  literature. 

Model  predictions  were  compared  with  three  experimental  pedestrian  collisions  conducted  by  BASt 

with  an  Audi  100  vehicle.  This  experiment  was  not  a  pure  lateral  impact  since  the  dummy  was  slightly 

rotated  in  order  to  avoid  a  direct  impact  on  the  dummy  shoulder-arm  assembly.  Fig.  9  illustrates  the 
kinematics  predicted  by  the  model.  The  impact  point  of  the  head  on  the  hood  was  found  to  differ  0.15  m 
from  the  experimental  results.  The  resultant  pelvis,  head  and  chest  accelerations  for  both  the  model  and 
the  experiments  (corridor  of  three  experiments)  are  presented  in  Fig.  10.  In  spite  of  the  fact  that  hood 
and  bumper  stiffnesses  were  estimated  for  this  simulation,  model  results  appear  to  be  quite  encouraging. 
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Figure  10  Comparison  of  model  predictions  ( - )  with  experimental  results  (corridor  of 

three  experiments  denoted  by - )  of  a  Part  572  dummy  Impacted  by  an 

Audi  100  (impact  velocity  40  km/h). 


I 


I 


\ 


In  the  next  phase  of  the  project,  simulations  for  different  car  types  and  impact  velocities  are 
planned.  In  addition  to  dummy  experiments,  cadaver  experiments  conducted  by  ONSER  will  also  be 
simulated.  Further  it  will  be  analysed  to  what  extent  more  complex  models  like  a  15  segment  2D  model  or  a 
15  segment  3D  model  can  contribute  to  the  improvement  of  the  reliability  of  the  simulation. 


DESIGN  OF  A  DYNAMICAL  ACTING  CHILD  RESTRAINT  SEAT 


A  new  concept  of  a  child  restraint  system  was  designed  and  optimized  with  MADYMO  (9).  This 
system  features  a  ,no»  ing  Impact  shield,  which  Is  horizontal  during  normal  use  and  which  pivots  upwards 
during  a  frontal  collision  to  restrict  the  forward  motion  of  the  child's  head  and  thorax  (Fig.  11).  The  2D 
option  of  MADYMO  was  firstly  used  to  design  and  optimize  the  actuating  mechanism  for  the  shield  and 
secondly  to  optimize  the  performance  of  the  whole  system  in  a  standard  ECE  44  50  km/h  sled  test  with  a 
3-year  old  child  dummy.  The  shield  actuating  mechanism  consists  of  ■  lever  arm  on  the  pivoting  shield  to 
which  a  rod  with  a  mass  is  connected.  During  the  car  crash  the  shield  moves  into  an  upright  position 
due  to  deceleration  forces  acting  on  the  mass.  The  downward  motion  of  the  shield  caused  by  loadings  from 
head  of  rhest  Is  prevented  by  a  locking  device. 

Some  provisional  parameters  for  this  actuating  mechanism  were  selected  based  on  global  calculations 
and  engineering  judgement.  These  values  were  used  to  formulate  a  computermodel  with  a  linkage  of  three 
rigid  elements.  One  element  represents  the  seat  shell  in  Interaction  with  the  car  seat  and  car  lap  belt, 


Figure  11  Child  restraint  system  with  dynamic  acting  impact 
shield. 


the  other  two  elements  are  presenting  the  pivoting  shield  with  lever  arm  and  the  connecting  rod  with 
actuating  mass.  The  input  for  this  model  was  the  acceleration-time  curve  of  the  ECE  44  sled  test. 

The  first  model  runs  showed  that  the  basic  concept  could  work,  the  shield  could  be  up  and  locked 
within  the  first  40  milliseconds  of  the  crash.  Based  on  these  encouraging  results  a  prototype  seat  was 
built  and  tested  without  a  dummy  on  the  deceleration  sled.  The  model  was  validated  to  these  tests  and 
was  then  run  for  several  times  with  successive  changes  in  the  actuating  mass,  the  lever  arm  length,  the 
mass  and  moment  of  inertia  of  the  shield  and  the  belt  attachments.  The  effects  of  these  changes  were  ana¬ 
lysed  and  finally  lead  to  an  optimal  and  practical  combination  of  the  design  parameters. 

A  second  prototype  based  on  the  above  design  recommendations  was  built  and  tested  on  the  sled, 
now  with  the  3-year  old  dummy  in  it.  This  test  showed  interference  of  the  dummy  chest  with  the  moving 
shield,  so  that  further  upward  motion  of  the  shield  was  prevented.  Owing  to  this  a  next  optimization  step 
of  the  system  was  required.  Therefore  the  three  element  model  of  the  seat  was  completed  with  a  nine 
element  model  representing  the  3-year  old  child  dummy.  An  example  of  the  kinematics,  predicted  by  this 
model  is  shown  in  Fig.  12.  Special  attention  was  given  In  this  model  to  the  description  of  the  pelvis  and 
chest  contacts.  Several  calculations  together  with  only  a  limited  number  of  sled  tests,  finally  lead  to  an 
optimized  child  restraint  system,  which  is  commercially  available  today. 


time  =  0  060 s  t ime  =  0  0  80  s  time  i  0  100  s 


Figure  12  Kinematics  of  restraint  system  with  dummy  for  one  of  the  optimization  simulations. 
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Figure  13  Principle  of  abdomen  section. 


DESIGN  OF  A  DUMMY  ABDOMEN  SECTION  FOR  SIDE  IMPACTS 


A  dummy  abdomen  for  injury  detection  in  side  impacts  was  developed  at  our  laboratory  (10).  The 
principle  of  this  design  is  a  rigid  drum  placed  at  the  critical  penetration  tolerance  level  around  the 
lumbar  spine,  with  pressure-threshold  contact  switches  on  its  surface.  This  drum  is  covered  by  a 
composite  material  which  should  have  a  dynamic  stiffness  identical  to  the  human  abdomen  (Fig.  13).  At 
first  the  materials  urethane  and  rubber  closed-cell  foam  were  chosen  because  of  their  expected 
resemblance  to  abdominal  tissue.  After  a  number  of  high  velocity  (6.3  m/s)  impacts  it  was  found  that 
none  of  these  materials  was  able  to  give  responses  in  the  design  corridor  shown  in  Fig.  14.  This  corridor 
was  established  from  cadaver  tests  (11). 


'  torce.daN 


\  design 
I  corridor 


"idealised " 


"typical  "curve 

vf  at  tested 

/  '  urethane  and 

, '  I  rubber  ' aams 


penetration, 

%  of  halt  abdomen 


20  2  b  30 


Figure  14  Design  corridor  for  abdomen  material. 


The  solution  was  to  make  the  outside  layer  of  the  abdomen  of  a  relative  heavy  but  flexible  material, 
which  is  rubber  filled  with  small  lead  pellets.  This  mess  would  Initially  cause  a  higher  impact  force  due  to 
Its  Inertia.  To  avoid  the  making  and  testing  of  a  large  number  of  specimens  necessary  to  obtain  the 
correct  response  empirically,  it  was  decided  to  use  computer  simulations  to  find  the  design  parameters. 
The  MADYMO  program  package  was  utilized  to  formulate  a  dynamical  non-linealr  finite  segment  model  for 
2D  impact  simulation  of  the  cross  section  through  a  half  abdomen  (Fig.  15). 
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Figure  15  Mathematical  model  of  abdomen. 
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The  heavy  rubber-lead  outside  layer  was  simulated  by  an  arched  chain  of  19  rigid  joint  connected 
mass-carrying  elements.  The  light  underlayer  of  foam  was  modelled  by  19  massless  elements  with  elastic 
and  damping  properties,  which  transfer  the  load  from  the  outside  elements  to  the  rigid  spine  connected 
drum.  The  impacting  body  (a  rigid  arm  rest)  was  a  single  mass  system  with  a  flat  contacting  plane  that 
could  penetrate  any  of  the  19  contact  sensing  circles  attached  to  the  mass  carrying  elements.  These 
contact  sensing  circles  simulated  the  outside  flexibility  of  the  mass  carrying  layer.  Elastic  and  damping 
forces  are  generated  between  impacting  body  and  elements  as  a  function  of  relative  penetration  and 
velocity. 


time  =  Oms  time  =2  ms  time  =  4  ms 


time=6ms  time  =  8ms  fime=10ms 


Figure  16  Kinematical  response  of  abdomen  model. 


This  model  was  exercised  with  a  wide  variety  of  mass  distributions  and  for  different  impact  velocities 
(Figs.  16  and  17).  A  few  specimens  of  the  most  promising  combinations  were  made  and  tested  and  were 
used  for  validation  of  the  model. 


Figure  17  Model  response  for  different  mess  and  impact 
velocity  (drop  height). 


A  prototype  abdomen  section  was  build  based  on  the  optimal  parameters  found  with  the  simulation 
model  (Fig.  18)  and  is  now  tested  in  several  laboratories  in  Europe  and  in  the  USA. 


Figure  18  Prototype  of  dummy  abdomen  section  for  sid-i  impacts. 
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DISCUSSION  AND  CONCLUSIONS 

Mathematical  simulation  of  the  highly  complicated  gross  motion  of  the  human  body  in  an  impact 
environment  has  gained  increasing  importance  in  the  past  years.  One  of  the  computer  packages  now 
available  for  this  type  of  simulation  is  MADYMO,  a  general  purpose  package  developed  at  the  Research 
Institute  for  Road  Vehicles  TNO,  Delft,  The  Netherlands.  The  main  features  of  this  package  can  be 
summarized  as  follows: 

-  a  compact  FORTRAN  source  which  can  be  implemented  on  small  computer 
systems 

-  a  2D  and  3D  option 

-  a  variable  number  of  linkage  systems 

-  in  each  linkage  system  a  variable  number  of  elements 

-  a  set  of  standard  force  interaction  routines 

-  easy  incorporation  of  user  defined  subroutines  for  specific  force  inter¬ 
actions  and  printed  and  graphic  output  of  calculated  data. 

Owing  to  these  properties  the  package  is  rather  flexible  with  respect  to  its  applicability.  This  was 
illustrated  in  the  preceding  sections  by  a  number  of  examples  from  the  discipline  of  automotive  safety.  In 
four  of  these  examples  the  2D  option  was  used: 

-  the  behaviour  of  a  child  in  a  child  seat 

-  a  pedestrian-car  collision 

-  computer  aided  design  of  a  new  type  of  child  restraint  system 

-  computer  aided  design  of  a  dummy  abdomen  prototype. 

These  model  simulations  were  conducted  in  close  conjunction  with  experimental  evaluations  in  order  to 
enable  judgement  of  the  reliability  of  the  predictive  function  of  these  models.  It  was  shown  that  in  most 
of  these  simulations  the  agreement  between  model  and  reality  was  good,  which  indicates  that  for  this  type 
of  applications  MADYMO  can  be  a  very  useful  evaluation  tool. 

Two  examples  of  simulations  with  the  3D  option  of  MADYMO  were  presented: 

-  a  rigid  wall  sled  test  with  the  Part  572  male  dummy 

-  a  lateral  vehicle  collision  with  the  Part  572  male  dummy  as  a  car  occupant. 

Both  simulations  gave  a  valuable  insight  in  the  complex  dummy  behaviour  in  side  impacts.  The  highly 
sophisticated  3D  graphic  package  which  was  used  here  to  visualize  the  complex  occupant  kinematics 
appeared  to  be  of  invaluable  importance  in  these  studies. 

Most  of  the  simulations  presented  here  were  dealing  with  mathematical  models  of  dummies.  In  fact 
data  sets  presently  are  available  of  the  Part  572  male  dummy  (2D  and  3D),  the  APROD  80  dummy  (2D), 
the  Part  572  3-year  old  child  dummy  (2D),  the  TNO  adult  dummy  (2D)  and  the  TNO  3-year  old  child 
dummy  (2D).  New  data  sets  are  currently  being  prepared  for  a  dummy  representing  a  6  year  old  child 
and  various  new  side  impact  dummies.  Development  and  application  of  mathematical  models  in  the  field  of 
automotive  safety  is  a  continuous  activity  in  our  laboratory.  Several  programs  on  further  improvement  of 
the  MADYMO  pacxage  are  presently  being  conducted  or  planned  for  the  near  future.  Among  these  are 
improvements  in  3-D  joint  models,  development  of  hyperellipsoid  contact  models  and  a  more  advanced 
description  of  the  friction  phenomenon. 

The  application  of  MADYMO  as  a  computer  aided  design  tool  was  clearly  demonstrated  In  this 
presentation.  This  design  approach  allows  the  most  Important  performance  parameters  to  be  separated  from 
the  lesser  important  parameters  so  that  the  final  design  can  be  obtained  In  a  far  shorter  time  than  by 
previous  methods  of  design-prototype  test,  redesign,  retest  of  prototype  etc.  Although  the  examples 
discussed  here  all  were  concerned  with  automotive  safety  it  is  expected,  that  the  MADYMO  program 
package  successfully  can  be  applied  in  other  disciplines  including  the  aircraft  environment,  due  to  the 
flexibility  of  the  package  and  on  the  basis  of  experiences  of  other  investigators  with  similar  program 
packages  (3)  (4).  In  fact  MADYMO  can  be  used  for  the  analysis  of  all  systems  that  can  be  represented 
by  one  or  more  chains  of  connected  rigid  bodies  undergoing  large  displacements. 
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DISCUSSION 


UNIDENTIFIED  QUESTIONER: 

First,  I  would  like  to  congratulate  you  on  a  very  fine  presentation.  What 
computers  can  be  used  with  Madymo? 

AUTHOR'S  REPLY 

Madymo  can  be  implemented  on  all  computer  systems  with  a  standard  Fortran  IV 
compiler.  We  have  experience  with  Madymo  on  large  computers  (Cyber) ,  mini  computers 
(PDP  II),  and  also  on  micro  systems. 

UNIDENTIFIED  QUESTIONER: 

Is  Madymo  available  for  other  laboratories  and  if  so,  what  is  the  price? 

AUTHOR'S  REPLY 

Madymo  is  available  for  other  laboratories.  The  price  for  a  license  contract  is 
dependent  on  what  options  are  required  and  on  the  amount  of  assistance  needed.  The 
price  will  vary  roughly  between  $5000  and  $10000. 

DR.  KNAPP  (USA) 

From  the  simulations  presented  on  the  child  restraint  seat  it  appeared  that  the 
mass-actuated  shield  made  contact  with  the  child's  head.  Does  it?  Can  the  shield 
cause  facial  injury? 

AUTHOR'S  REPLY 

Yes,  the  head  of  the  child  (in  the  simulation  a  3-year,  TNO  P3  child  dummy)  does 
hit  the  shield,  but  due  to  the  relatively  compliant  (soft)  tip  of  the  erected  shield, 
the  head  accelerations  are  within  the  tolerance  limits  for  brain  or  skull  injury. 

What  this  means  for  facial  injury  (for  which  tolerance  levels  are  expected  to  be  lower 
for  adults)  we  don't  know.  However,  we  have  to  realize  that  the  50  km/h  ECE  44  sled 
test  conditions  are  representing  worst  case  conditions,  so  we  are  quite  confident  that 
facial  injury  will  not  occur  in  real-world  crashes.  This  statement  is  more  or  less 
confirmed  by  field  accident  data  on  fixed-shield  systems  which  have  the  same  injury 
producing  potential. 

UNIDENTIFIED  QUESTIONER: 

When  you  speak  of  ellipses,  are  these  real  ellipses  or  degenerated  ellipses? 
AUTHOR'S  REPLY 

They  are  high-degree  ellipses,  it's  a  normal  ellipse  in  case  of  two-dimensional 
simulation,  with  a  high-degree  up  to  20  eccentricity.  The  three-dimensional  simulation, 
with  a  high-degree  ellipse,  is  done  in  the  same  manner. 
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ADVANCED  RESTRAINT  SYSTEM  CONCEPTS 

Reidelbach,  W. 

Scholz,  H. 

Daimler-Benz  AG,  7032  Sindelfingen  /  Germany 


SUMMARY 

Today’s  lap/shoulder  belts  with  emergency  locking  retractors  provide  improvements 
(automatic  belt  length  adjustment,  convenience,  and  comfort),  but  also  disadvantages  (grea¬ 
ter  webbing  elongation  and  spool-out  effect).  Compensation  of  these  deficiencies  can  be 
achieved  by  the  use  of  pretensioners,  the  specifications  and  possible  designs  of  which  will 
be  explained. 

The  Mercedes-Benz  passive  restraint  system  consists  of  air  bags  deployed  by  means  of 
solid  propellant  gas  generators  and  kneebolsters.  The  sensor  is.  designed  to  detect  low  and 
high  impact  severity  levels.  In  a  low  level  impact  one  of  the  passenger  side  generators  is 
triggered,  and  the  second  passenger  generator  only  in  case  of  a  higher  level  impact  together 
with  or  after  the  driver  side  generator. 

To  balance  the  specific  limitations  of  belt  or  air  bag  performances,  combined  systems 
have  been  studied,  such  as  an  air  bag/kneebolster  system  with  supplementary  belt  or  modern 
lap/shoulder  belt  systems,  supplemented  by  an  air  bag  in  the  steering  wheel  and  a  preten¬ 
sioner  for  the  passenger  belt,  both  of  which  are  designed  to  prevent  head/face  impact. 


REVIEW  OF  SEAT  BELT  DESIGN 

The  first  seat  belts  in  mass  production  motor  vehicles  were  modified  air  craft  pas¬ 
senger  lap  belts  offered  as  an  option  in  the  early  50s.  A  few  years  later  diagonal  belts 
and  combined  lap/shoulder  belts  were  introduced.  In  the  60s  belt  retractors  were  added  to 
the  restraint  assembly  to  provide  proper  stowage  of  an  unbuckled  belt  and  freedom  of  move¬ 
ment  to  the  car  occupants  during  normal  riding  as  well  as  full  restraint  in  case  of  emergen¬ 
cy.  Then  an  intensive  development  was  started  aiming  at  ease  of  use,  wearing  comfort,  and 
integrated  design  of  a  factory  installed  belt  assembly. 

Today  the  integrated  3-point  (lap/shoulder)  safety  belt  with  emergency  locking  retrac¬ 
tor  (ELR)  is  standard  equipment  in  all  new  passenger  cars.  Fig.  1  shows  the  actual  Mercedes- 
Benz  3-point  belt  assembly  composed  of  the  seat  frame-mounted  buckle,  the  continuous  loop 
belt  webbing,  and  the  retractor  behind  the  B-pillar  cover.  The  ELR  is  located  inside  of  the 
B-pillar  (Fig.  2)  and  thus  protected  against  dirt  and  mechanical  damage. 

THE  PROBLEM  OF  INDIRECT  BELT  SLACK 

A  major  task  still  is  the  elimination  of  belt  slack.  In  this  respect  the  manual  belt 
length  adjuster  of  static  belts  is  optimal  as  it  is  mechanically  simple  and  lightweight. 

But  since  people  don't  like  to  be  tightly  restrained,  they  refuse  to  properly  adjust  static 
belts.  The  retractor  belt,  in  principle,  provides  for  automatic  length  adjustment  without 
slack.  But  it  has  one  basic  deficiency:  when  crash  loaded  not  only  the  webbing  on  the  occu¬ 
pant’s  body  is  elongated  but  also  the  webbing  portion  between  sash  guide  and  retractor. 
Furthermore  the  portion  which  normally  is  rather  loosely  wound  up  on  the  retractor  reel 
must  first  be  drawn  tight  around  the  locked  reel  before  a  restraint  force  can  develop.  This 
"spool-out"  and  additional  elongation  results  in  some  10  to  20  cm  of  webbing  running  out 
of  the  sash  guide  which  means  an  equivalent  additional  forward  displacement  of  the  occu¬ 
pant’s  shoulders  and  head,  and  consequently  an  additional  injury  risk. 

THE  SEAT  BELT  PRETENSIONER 

To  avoid  this,  a  pretensioner  should  be  added  which  retracts  a  certain  length  of  web¬ 
bing  during  the  first  few  milliseconds  of  a  crash  to  compensate  for  the  "spool-out".  A  pre- 
tensioncr  assembly  consists  of  a  crash  sensor  and  a  propulsion  unit,  such  as  a  gas  genera¬ 
tor,  both  known  from  air  bag  technology. 

The  mechanism  can  work  longitudinally  as  was  shown  with  the  Mercedes-Benz  Experimental 
Safety  Vehicle  in  1973  (Fig-  3,  pretensioners  installed  vertically  in  the  mid  door  pillar, 
or  horizontally  along  the  upper  edge  of  the  rear  seat  back).  Another  design  applies  a  rapid 
backward  rotation  of  the  retractor  reel  by  means  of  a  pelton  turbine  wheel  driven  by  water 
which  is  propelled  towards  the  wheel  by  a  gas  generator  as  mentioned  above  (Fig.  4).  The 
basic  design  specifications  are  as  follows: 

o 

Total  actuation  time  period  25  ms  temperature  range  -  35  . . .  +  95  C 

sensor  reaction  time  10  ...  13  ms  reliability  99-9  S 

tensioning  time  10  ...  12  ms  max.  webbing  length  retracted  280  mm 

max.  retraction  force  3-500  N 

The  sensor  must  react  within  tolerated  time  limits  when  subjected  to  a  standardized 
sine-wave-like  acceleration  impulse  of  about  30  g  peak  value  and  about  75  to  80  ms  duration. 
The  whole  system  has  to  survive  severe  environmental  simulation  such  as  vibration,  mecha¬ 
nical  shock  (pot-holes,  curb  stones),  thermal  load,  humidity,  corrosion.  A  permanent  auto- 
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matic  control  (self-monitoring)  of  all  electric  circuitry  during  car  operation  is  provided. 

Prototype  testing  has  shown  the  results  displayed  in  Fig.  5*  The  accelerations  mea¬ 
sured  on  passenger  dummies  are  reduced  on  the  head  by  57  % 

on  the  chest  by  16  % 

compared  to  measurements  from  testing  of  usual  standard  retractor  belts.  The  prevailing 
effect  is  the  elimination  of  head  contact  of  the  passenger  dummy  with  the  dashboard  which 
can  still  occur  at  higher  impact  speeds  even  though  a  standard  belt  is  worn.  Road  accident 
experience  indicates  that  such  contact  of  a  belt  restrained  passenger,  due  to  already  re¬ 
duced  impact  energy,  does  not  present  severe  injury  potential  but  can  cause  disfiguring 
lesions  which  of  course  should  be  prevented. 

AN  IMPROVED  DRIVER  RESTRAINT  SYSTEM 

The  driver  is  in  a  particularly  difficult  situation  because  his  distance  to  the  stee¬ 
ring  wheel  is  less  than  that  between  passenger  and  dashboard,  and  the  belt  pretensioner  may 
not  sufficiently  reduce  the  severity  of  his  head  impact  with  the  wheel.  Therefore  we  con¬ 
sider  an  air  bag  in  the  steering  wheel  as  an  appropriate  supplement  to  a  conventional  auto¬ 
matic  3-point  belt  (Fij.  6),  intended  to  avoid  facial  injuries,  whereas  the  belt  assembly 
provides  the  overall  protective  function  in  all  crash  modes.  This  combined  system  des¬ 
cribed  in  section  C  takes  advantage  of  the  air  bag  technology  which  was  initiated  by  the 
US  passive  restraint  requirement,  but  which  can  now  also  be  utilized  to  improve  active 
restraints . 

THE  MERCEDES-BENZ  AIR  BAG  RESTRAINT  SYSTEM 

In  order  to  be  able  to  comply  with  the  requirements  of  former  US  passive  restraint 
standards,  we  at  Daimler-Benz  have  developed  air  bag  restraint  systems.  As  early  as  1966, 
we  started  air  bag  deployment  tests  using  liquified  or  pressurized  gas  as  a  deployment 
agent.  But  the  bulky  and  cumbersome  devices  available  at  this  time  were  impracticable  for 
installation  in  passenger  cars,  and  it  was  difficult  to  monitor  the  operational  readiness 
of  the  systems  and  to  reduce  temperature  sensitivity  and  deployment  noise. 

In  1970  we  therefore  turned  to  an  entirely  new  technology  of  bag  deployment  and  star¬ 
ted  the  development  of  a  solid  propellant  gas  generator  which  could  be  packaged  into  the 
hub  of  the  Mercedes-Benz  steering  wheel  without  sacrificing  the  protective  function  of  the 
energy-absorbing  elements  of  the  wheel. 

AIR  BAG  AND  KNEEBOLSTER 

The  actual  occupant  restraining  elements  of  the  system  are  air  bags  and  kneebolsters. 
The  bag  on  the  right  front  passenger  side  has  a  150  liter  volume  (Fig.  7),  the  bag  on  the 
driver  side  a  60  liter  volume  (Fig.  8).  This  bag  is  provided  with  restraint  bands  sewn 
to  the  inside  to  control  longitudinal  expansion  and  intended  to  minimize  cushion  to  face 
contact.  Each  bag  has  exhaust  vents,  providing  for  a  relatively  soft  and  uniform  occupant 
ride-down.  The  air  bag  material  is  Nylon  coated  with  Neoprene. 

In  addition  to  the  upper  torso  protection,  offered  by  the  two  air  bags,  the  Mercedes- 
Benz  system  utilizes  kneebolsters  (Fig.  9)  to  prevent  submarining  and  to  limit  the  impact 
loads  on  the  lower  extremities.  The  deformation  distance  available  in  our  vehicles  for  this 
lower  torso  ride-down  is  limited  to  approximately  140  mm  in  order  to  maintain  seating  com¬ 
fort  and  leg  room.  Using  a  steel  tube  of  circular  shape  with  145  mm  diameter  and  0.4  mm 
sheet  thickness  the  actual  peak  loads  are  about  6.000  N  which  is  well  below  the  tolerated 
value . 

bOLID  PROPELLANT  GAS  GENERATOR 

The  compact  solid  propellant  gas  generator  (Fig.  10)  is  a  steel  container  110  mm  in 
diameter  and  5**  min  height,  capable  of  storing  100  grams  of  solid  propellant  needed  as  the 
deployment  agent  for  the  driver  air  bag.  Two  such  generators  are  incorporated  in  the  pas¬ 
senger  air  bag  unit  (Fig.  11).  The  propellant  is  ignited  by  an  electrical  squib  fired  by 
an  electronic  sensor.  Gas  flowing  from  the  generator  does  not  directly  enter  into  the  bag 
but  is  filtered  out  by  multi-layer  metallic  screens. 

In  addition  to  dimensional  advantages,  the  solid  propellant  generator  has  other  ad¬ 
vantages  as  well,  such  as: 

low  weight,  approximately  1.2  ...  1.3  kg 

short  inflation  time,  25  ms  driver  /  30  ms  passenger 

consistency  of  inflation  time.  Because  of  high  ignition  temperatures,  the  bag 
deployment  time  is  not  significantly  affected  by  ambient  temperatures.  Even  at 
minus  40°  C,  it  increases  by  only  5  ms. 

low  noise  levels,  due  to  flatter  pressure  increase  in  the  combustion  chamber  in 
comparison  to  Hybrid  systems. 

greater  degree  of  deployment  flexibility.  Depending  on  the  array  of  gas  generators 
used,  it  is  possible  to  have  the  bag  deployed  to  an  extent  detsrminsd  by  the  de¬ 
gree  of  severity  of  the  impact.  This  kind  of  incremental  deployment  controlled 
by  a  multi-level  sensor  is  advantageous  in  low  speed  impacts  and  in  case  of  the 
standing  child  and  the  out  of  position  passenger.  It  also  results  in  a  reduction 
of  noise  levels. 
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ELECTRONIC  SENSOR 

To  trigger  the  system,  we  have  selected  an  electronic  solid  state  acceleration  sen¬ 
sor  designed  by  Robert  Bosch  GmbH  (Fig.  12).  The  prime  function  of  the  sensor  is  to  rapid¬ 
ly  detect  an  impact  and  provide  the  triggering  signals  to  the  generator  squibs,  which  in 
turn  fire  the  propellant.  The  functional  principle  is  as  follows  (Fig.  13): 

The  vehicle  acceleration  versus  time  function  is  integrated  during  the  impact 
sequence . 

In  order  to  avoid  inadvertent  deployment  when  the  vehicle  is  in  normal  operation, 
the  integration  process  only  begins  if  the  acceleration  exceeds  a  minimum  thres¬ 
hold  a^  =  -  4  g. 

When  the  vehicle  structure,  and  specifically  the  sensor  location  area,  is  sub¬ 
jected  to  heavy  shock  or  high  frequency  acceleration,  the  sensor  cuts  off 
acceleration  peaks  beyond  a  negative  limit  value  82  =  -  40  g  and  a  positive 
value  aj  =  95  g  thus  avoiding  deployment  due  to  driving  over  pot-holes  and 
curb  stones,  or  being  struck  by  a  hammer  or  projectile. 

If  the  result  of  the  integration  process  in  the  sensor  remains  below  a  first 
threshold  Sj,  no  bag  deployment  is  initiated.  This  threshold  corresponds  to 
18  km/h  rigid  barrier  impact  speed  ( BS ) .  If  the  integration  result  exceeds  this 
first  threshold,  but  remains  below  a  second  limit,  only  the  first  increment  of 
the  passenger  air  bag  is  deployed,  being  suitable  for  passenger  ride-down  from 
up  to  25  km/h  BS.  The  driver  in  this  speed  range  is  securely  restrained  by  the 
energy  absorbing  steering  wheel  and  the  kneebolster. 

If  the  integration  result  exceeds  the  second  limit  value  S2,  the  second  incre¬ 
ment  of  the  passenger  bag  and  the  driver  bag  are  ignited,  providing  protection 
up  to  and  beyond  50  km/h  BS. 

In  order  to  avoid  inadvertent  deployment  due  to  power  surge,  whether  caused  by 
on-board  equipment  or  high-frequency  stray  signals,  the  total  electronic  sensor 
system,  including  ignition  cables,  is  shielded.  Extensive  testing  was  conducted 
to  determine  surges  across  the  input  and  output  terminals  and  to  design  addi¬ 
tional  shielding  circuitry. 

The  sensor  is  also  responsible  for  monitoring  and  registering  system  readiness. 

As  long  as  the  proper  current  is  passing  through  the  sensor,  the  system  will  be 
constantly  monitored  at  15  mA  for  current  disconnects  and  short  circuits  with 
any  deviation  being  indicated  on  the  dashboard  mounted  control  lamp. 

After  an  accident  has  occured  it  is  possible  to  determine,  by  checking  registration 
elements  such  as  safety  fuses,  the  sequence  of  events  (deployment  before  or  after  impact). 
In  addition,  a  coulomb-cell  registers  the  duration  of  an  eventual  sensor  fail  period. 

COMBINED  RESTRAINT  SYSTEMS 

The  restraint  systems  described  have  certain  performance  limitations:  The  conventional 
lap/shoulder  belt,  though  basically  appropriate  in  all  crash  modes,  can  not  prevent  head 
impact  to  dashboard  or  steering  wheel  in  severe  accidents. 

The  air  bag/kneebolster  system,  though  very  efficient  in  frontal  crashes,  can  not  protect 
in  lateral  impacts  or  rollovers  and  only  to  a  limited  extent  in  multiple-impact  accidents. 
Obviously  a  combination  of  both  systems  can  offer  an  improved  restraint.  Then  two  diffe¬ 
rent  designs  are  to  be  considered  and  have  been  developed. 

THE  PASSIVE  AIR  BAG  WITH  SUPPLEMENTARY  SEAT  BELT 

An  air  bag  with  kneebolster,  both  designed  to  a,  jet  the  passive  restraint  requirement, 
i.e.  to  assure  full  frontal  crash  protection  withou'  any  additional  element,  have  to  ab¬ 
sorb  the  kinetic  energy  of  a  car  occupant  at  toleraMe  force  levels  during  the  crash  event. 

An  appended  seat  belt,  which  we  consider  indispensible  for  other  than  frontal  impacts, 
will  also  absorb  energy  and  exert  additional  forces  on  the  occupant.  The  additional  re¬ 
straining  forces  from  the  belt  together  with  those  from  the  bag  will  be  above  the  "air  bag 
only"  forces  but  can  be  very  close  to  them,  if  the  belt  is  "soft”,  be  it  due  to  high  elong¬ 
ation  webbing  or  force  limiting  devices.  Actually  the  selection  of  the  most  favourable  belt 
elongation  is  difficult  due  to  America*,,  or  European  seat  belt  regulations. 

THE  ACTIVE  LAP/SHOULDER  BELT  WITH  SUPPLEMENTARY  AIR  BAG  OR  PRETENSIONER 

If  a  conventional  lap/shoulder  belt  is  *u»  primary  element  of  the  restraint  providing 
the  basic  restraining  force,i  -  then  only  additional  head  protection  is  needed.  The  best 
supplement  to  serve  this  purpose  is  for  thr  driver  an  air  bag  in  the  steering  wheel,  for 
the  front  passenger  a  belt  pretensioner ,  .**t  already  described. 

The  wheel  bag  for  this  specific  ..plication  has  to  be  designed  to  attenuate  only  the 
impact  of  a  small  mass,  the  head,  instead  of  the  occupant’s  whole  upper  torso.  So,  in  this 
case  the  bag  has  to  be  "soft"  which  is  siaqily  achieved  by  enlarging  the  vent  diameter. 

This  improved  restraint  system  is  actually  offered  as  an  option  on  all  Mercedes-Benz  pas¬ 
senger  cars.  Fig.  14  shows  typical  results  of  50  km/h  frontal  impact  tests  run  on  an  accel- 
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erator  sled  facility  using  50  %  Part  572  dummies  to  measure  the  usual  injury  risk  para¬ 
meters  such  as  HIC  (head  injury  criterion,  computed  from  the  head  acceleration  versus  time 
function)  and  maximum  resultant  chest  acceleration.  Obviously  the  restraint  system  confi¬ 
guration  has  only  minor  influence  on  the  chest  loading  which  in  all  cases  remains  below 
the  tolerable  value.  HIC  however  though  also  below  critical  values,  reacts  more  sensitively 
to  system  modifications.  So,  optimization  primarily  will  be  based  on  HIC  values,  bp  to  now 
the  best  combinations  of  driver  air  bags  (either  designed  to  meet  FMVSS  208  or  to  support 
lap/shoulder  belt  performance)  and  type  2  seat  belts  are  achieved  using  high  elongation 
belt  webbing  not  in  compliance  with  current  seat  belt  regulations  which  therefore  should 
be  amended.  For  the  passenger  a  pretensioned  lap/shoulder  belt  would  eliminate  head  contact 
with  the  dashboard  and  is  able  to  provide  protection  equivalent  to  that  of  the  different 
driver  restraint  systems. 


Fig. 


3  -  3-point  safety  belt  with  longitudinal  pretensioner,  Mercedc s-Benz  ESV  22 


Fig.  k  -  Pretensioner  assembly  added  on  a  standard  ELR 

1  clanping  nut 

2  aolid  propellant  capaule 

3  gas  generator  housing 
k  flying  piston 

3  fluid  filled  tube 

6  emergency  locking  retractor 

7  turbine  wheel 


50  km/h  Frontal  Fixed  Barrier  Impact 


3-point  belt  with  ELR  and  steering  wheel  air  bag 


Fig.  11  -  Passenger  air  bag  unit 


12  -  Electronic  sensor 
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UNIDENTIFIED  QUESTIONER 


DISCUSSION 


Will  the  pressure  increase  in  the  car's  interior  using  air  bag  inflation  create  an  injury  potential? 
AUTHOR'S  REPLY 


No  problems. 

M1LLFR  (UK) 

Does  inadvertant  operation  induce  loss  of  control? 

AUTHOR'S  REPLY 

Tests  indicate  no  loss  of  control . 

MILLER  (UK) 

Does  airbag  impede  egress  (post  crash)? 

AUTHOR'S  REPLY 

Airbag  is  deflated  in  1  second  after  crash. 

SHULMAN  (USA) 

Will  there  be  a  problem  of  loss  of  the  fluid  in  the  retractor  since  it  must  remain  in  the  device  (without  leakage) 
for  many  years? 

AUTHOR'S  REPLY 

We  have  not  experienced  and  do  not  expect  any  loss  of  fluid.  The  scaling  is  very  reliable  (soldered  membrane). 
FRISCH  (USA) 

Do  you  see  any  reason  why  a  system  such  as  you  described  for  airbag  deployment  could  not  be  expanded  to  include 
sequencing  of  longer  duration  to  cover  multiple  impact  cases.  This  also  would  imply  that  the  crash  sensor  would 
have  to  work  on  several  occasions.  Does  protection  of  this  sensor  pose  a  problem? 

AUTHOR'S  REPLY 

In  principle,  long  duration  sequencing  appears  to  be  feasible.  Adding  output  terminals  to  and  protecting 
the  sensor  are  the  minor  problems .  The  big  problem  is  the  need  to  add  a  full  set  of  gas  generators  for  each 
subsequent  impact  to  be  covered  which  in  turn  presumes  that  sufficient  additional  space  in  specific  locations 
(steering  wheel  hub)  is  available  which  is  not  the  case.  Alao  weight  is  critical. 

DAY  (CN) 

1  am  net  certain  that  comfort  of  the  occupant  would  be  significantly  reduced  by  the  uae  of  a  lap  retractor 
In  place  of  a  shoulder  retractor.  Do  you  have  anv  comments  on  this? 

AUTHOR'S  REPLY 

The  main  comfort  feature  of  retractor  belts  ia  the  forward  torso  mobility  which  enables  the  car  occupant  to 
change  seating  position,  relax  muscle-strain,  or  reach  out  to  the  glove  compartment,  for  instance.  In  ease  of  a 
lap  retractor,  any  forward  motion  of  the  torso  leada  to  sliding  of  belt  webbing  across  the  lap.  through  the  buckle 
D-ring  and  across  the  chest  with  considerable  subsequent  friction  -  very  uncomfortable!  It  would  cause  rejection 
of  belt  uae  which  means  a  higher  loss  of  safety  than  the  larger  possible  head  displacement  in  case  of  a  shoulder 
retractor. 

DAY  (CN) 

In  connection  with  your  comment  on  the  improbability  of  a  25  cm  belt  slack  condition.  1  would  like  to  point  out 
that  many  North  American  automobiles  utilize  restraint  systems  with  locking  mechaniama  which  defeat  the  normal 
retractor  operation,  allowing  any  amount  of  belt  slack. 

AUTHOR'S  REPLY 

In  case  of  the  belt/ retractor  design  mentioned.large  slack  ia  possible.  Meanwhile,  1  believe  these  designs 
have  been  abandoned  and  are  not  and  will  not  be  installed  any  more. 


DESJARDINS  (USA) 


Have  you  considered  the  injury  potential  of  the  pretensioning  force  and  retraction  rate  in  the  case  where  the 
occupant  is  leaning  forward  when  the  pretensioner  is  activated? 

AUTHOR'S  REPLY 

We  have  asked  volunteers  to  lean  forward  and  then  ignited  the  system;  the  reaction  does  not  cause  backward 
motion.  The  occupant  stays  where  he  is;  he  realizes  an  increased  tension  but  he  is  not  thrown  backwards.  The 
3000  newtons  are  not  enough  to  move  the  human  body  and  there  is  no  injury  potential  to  our  knowledge. 

DESJARDINS  (USA) 

What  is  the  approximate  cost  of  the  restraint  system  options  you  described  for  the  Mercedes  auto? 

AUTHOR'S  REPLY 


Approximately  1500  deutsch  marks. 
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RECENT  IMPROVEMENTS  IN  CRASH  RESTRAINT  IN  UK  HELICOPTERS 

by 

Surgeon  Consnander  A  P  Steele-Perkins 
Royal  Air  Force  Institute  of  Aviation  Medicine, 
Farnborough,  Hampshire,  UK. 


SUMMARY 

There  is  a  continuous  programme  to  improve  crashworthiness  and  comfort  both  in  existing  and  future 
helicopters  in  the  UK.  The  introduction  of  rigid  personal  survival  packs  (PSP)  in  the  seat  pan,  and 
methods  of  increasing  their  comfort  and  acceptability  to  aircrew  have  been  detailed  recentlyCD. 

This  paper  describes  improvements  in  other  areas  -  all  important  for  the  successful  and  safe  operation 
of  helicopters.  The  introduction  into  the  RAF  Chinook  HC1  of  crew  seats  with  energy  attenuation  has 
resulted  in  a  major  advance  in  crashworthiness,  and  the  principles  of  the  seat  are  outlined.  Shortcomings 
in  the  quick  release  facilities  in  passenger  restraint  harnesses  are  discussed  briefly  together  with  sug¬ 
gested  improvements.  A  seat  rotation  mechanism  with  good  crashworthy  features  which  can  be  incorporated 
into  any  existing  seat  system  is  described,  and  finally  the  problems  of  providing  an  efficient  harness  for 
mobile  aircrew  are  discussed  and  solutions  offered. 


CRASHWORTHY  SEAT 

The  Chinook  HC  Mk  1  has  entered  into  RAF  service.  This  marks  a  major  advance  in  crashworthiness  as  it 
is  the  first  helicopter  in  the  UK  to  have  energy  absorption  incorporated  into  the  crew  seats.  The  con¬ 
cept^)  includes  an  adjustment  which  allows  for  pilots  of  different  weights.  Pre-programming  the  seat  to 
the  desired  position  selects  energy  attenuating  wires,  with  load  characteristics  proportional  to  the  weight 
of  the  occupant.  This  allows  a  crashworthy  seat  requiring  less  "stroking"  distance  than  an  non-adjustable 
system  -  thus  overcoming  one  of  the  main  problems  of  retro-fitting  seats  with  energy  attenuation  mechanisms 
into  existing  aircraft  and  avoiding  the  need  for  costly  modifications  to  the  cockpit  floor.  A  rearwards 
facing  seat  provided  for  the  rear  crew  members  also  uses  the  same  principle,  but  because  a  greater  stroking 
distance  is  available  the  added  complexity  of  the  adjustable  attenuation  is  not  required. 

PASSENGER  HARNESS  QUICK  RELEASE  FACILITIES  (QRFs) 

An  area  that  has  been  investigated  recently  is  the  efficiency  of  passenger  lap  harnesses  and  their 
quick  release  facilities.  Although  the  angles  at  which  the  buckle  should  release  are  specified  in  civil 
regulations (between  75  and  95  degrees)  this  is  not  the  case  in  either  UK^“'  or  US^5'  military  specifi¬ 
cations.  The  release  angle  is  important  because,  if  this  is  too  small,  inadvertent  release  can  occur 
through  snagging  cf  clothing,  or  even  body  movement.  A  QRF,  manufactured  by  Aerolex  Ltd,  overcomes  these 
problems  (Fig  1).  It  is  operated  by  a  rotary  movement  and,  in  the  locked  position  the  release  mechanism  is 
positively  located  and  is  inertia  proof.  This  device  will  be  essessed  in  a  flight  trial  shortly  to  prove 
the  overall  acceptability  of  the  concept. 

CRASHWORTHY  SEAT  ROTATION  MECHANISM 

There  is  a  requirement  to  increase  the  crashworthiness  of  seats  for  crew  members  whose  task  requires 
them  to  sit  sideways  relative  to  the  aircraft.  It  is  accepted  that  human  tolerance  to  Gy  acceleration  is 
poor,  and  it  is  common  practice  to  incorporate  a  rotating  or  swivel  mechanism,  to  allow  the  crew  member  to 
sit  facing  forwards  (or  preferably  aft)  for  critical  periods  of  the  flight.  However,  this  is  usually  a 
secondary  consideration  and  either  results  in  an  expensive  modification  to  the  original  seat  or  in  a  device 
with  limited  crashworthiness.  An  investigation  was  therefore  initiated  at  the  Royal  Air  Force  Institute  of 
Aviation  Hedicine  (1AM)  to  assess  the  feasibility  of  producing  a  swivelling  mechanism  which  would:- 

a.  be  coiqpatible  with  the  existing  seat  and  aircraft  fittings; 

b.  alter  the  vertical  adjustment  of  the  seat  as  little  as  possible; 

c.  be  inherently  crashworthy. 

Complying  with  requirement  (a)  meant  that  the  mechanism  must  fit  between  the  existing  seat  and  the  seat 
rails.  The  resulting  design  (Figs  2  and  3)  uses  nylon  rollers,  of  equal  diameter  and  length,  with 
adjacent  rollers  mounted  at  right  angles  to  each  other,  in  a  circular  housing.  This  ensures  a  very  smooth 
rotating  action  and  also  allows  crash  loads  to  be  spread  evenly  throughout  the  unit.  With  a  suitable  lever 
connected  to  a  spring  loaded  detent  position,  the  seat  can  be  locked  at  any  desired  point.  The  basic  con¬ 
cept  can  be  used  to  modify  any  existing  seat,  and  the  increase  in  seat  height  is  only  12  v. 

In  one  aircraft  application  the  seat  rails  are  mounted  at  right  angles  to  the  fore  and  aft  (X)  :xis  of 
the  aircraft.  Theoretically,  it  was  considered  thet  the  rotation  mechanism  should  enhance  crashworthiness, 
as  the  interface  with  the  rails  would  provide  a  greater  area  of  contact  and  thus  reduce  point  loading  on 

the  rails.  Tests  are  to  be  performed  shortly  on  the  linear  decelerator  track  at  the  LAM  to  confirm  the 
crashworthiness  of  this  system.  Meanwhile  the  seat  is  now  in  operational  use  and  is  well  liked  by  aircrew. 

HARNESS  FOR  MOBILE  AIRCREW 

Mobile  aircrewmen  in  both  fixed  and  rotary  wing  military  aircraft  in  the  UK  heve  hitherto  worn  a  waist 
type  restraint  harness  ('despatcher's  harness')  to  prevent  them  falling  out  of  the  aircraft,  and  to  provide 
restraint  following  such  a  fall.  Disquiet  had  been  expressed  for  some  time  by  aeromedical  authorities  on 
the  inadequacies  of  a  waist  harness  which,  even  if  correctly  adjusted,  could  cause  abdominal  injuries  in  a 

fall.  British  Safety  Standards^®'  specify  that  a  harness  of  this  type  shall  only  transmit  a  force  of  5G  In 
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a  fall  of  1.2  m,  because  of  the  risk  of  injury.  The  IAM  therefore  devised  and  produced  a  prototype  res¬ 
traint  system  which  was  incorporated  into  the  standard  lifepreserver  (Fig  4).  Its  main  features  were  a 
strap  sewn  round  the  outside  of  each  arm-hole,  with  a  continuous  length  of  webbing  across  the  back,  under¬ 
neath  each  arm,  and  over  each  shoulder  of  the  lifepreserver.  The  geometry  of  the  device  constituted  a  self 
tensioning  system  which  would  tighten  around  the  shoulders  and  distribute  the  load  over  the  whole  of  the 
upper  torso.  The  self  tensioning  mechanism  would  not  operate  under  normal  conditions  because  it  was  fixed 
by  a  tack  (shear)  stitch.  After  a  series  of  tests,  a  shear  stitch  with  a  breaking  strain  of  73  kg  (160  lb) 
was  used  to  ensure  that  too  high  a  load  was  not  imposed  on  a  man  of  light  weight,  and  that  a  heavy  man 
would  not  break  the  stitch  carrying  out  his  normal  tasks,  and  so  render  the  harness  unserviceable.  Drop 
tests  confirmed  that  the  loading  applied  in  a  fall  was  reduced  considerably,  and  dynamic  deceleration  tests 
on  the  linear  decelerator  shoved  that  a  15G  input  deceleration  was  reduced  to  6G  on  the  dutmy. 

Prior  to  a  service  trial,  an  assessment  was  made  in  the  Royal  Navy  underwater  escape  trainer  ('Dunker'). 
Normally,  when  suspended  in  air,  the  wearer  is  assured  that  the  quick  release  mechanism  is  always  in  the 
same  position  and  easily  reached.  In  contrast,  when  underwater,  the  body  weight  is  supported,  taking  the 
load  off  the  restraining  straps,  and  therefore  the  quick  release  mechanism  can  be  in  any  position  -  usually 
behind  the  back.  Emergency  disconnections  were  extremely  difficult  and  in  many  instances  the  subject 
required  assistance  from  the  safety  divers.  The  flying  trials  were  accordingly  restricted  to  flights  over 
land  in  order  to  gain  more  information  on  the  general  suitability  of  the  harness.  On  completion  of  the 
trial  a  questionnaire  survey  revealed  another  major  shortcoming.  A  mobile  crewman  in  a  helicopter,  when 
wishing  to  look  out  of  the  cabin  door,  adjusts  the  length  of  the  harness  restraining  strop  until  he  is  aware 
of  the  tension  in  his  restraint  harness.  If  the  harness  is  of  the  waist  type,  he  can  flex  his  upper  torso, 
gain  an  adequate  external  view,  and  still  be  restrained  within  the  cabin.  If  he  does  lose  his  balance,  he 
falls  inside  the  cabin.  However,  if  he  is  wearing  a  harness  where  the  restreining  strop  is  attached  to  the 
shoulders,  he  must  have  a  longer  strop  length  to  see  out  of  the  cabin,  which  meens  that  the  lover  part  of 
his  body  can  fall  outside  the  cabin.  Because  this  type  of  restraint  is  associated  with  a  full  torso  har¬ 
ness  or  jerkin,  any  fall  probably  would  not  result  in  an  injury,  but  nevertheless  this  is  not  a  desireble 
feature  of  any  harness. 

In  view  of  the  prolonged  and  circuitous  history  of  the  despetcher  herness,  e  list  of  design  eims  was 
discussed  and  egreed.  The  objectives  ere  to  ensure: 

a.  Minimal  interference  with  flight  task.  The  harness  should  be  designed  so  that  it  does  not  com¬ 
promise  comfort  or  efficiency  of  other  tasks.  When  in  use  it  should  not  impede  normal  movement. 

b.  Good  upper  body  mobility.  The  restraint  point,  or  restreining  strop  take  off  point,  should  be 
at  the  waist. 

c.  Ease  of  donning  end  doffing.  The  herness  should  also  be  compatible  with  other  equipment 
assemblies  worn. 

d.  A  single  hendad  emergency  releese,  which  must  be  on  the  weerer's  front,  end  be  capeble  of  easy 
release  when  under  tension.  Inedvertant  releese  should  be  avoided. 

e.  Good  restraint  following  a  fall. 

Two  other  major  factors  must  elso  be  considered.  A  harness  for  mobile  eircrew  should  not  be  the 
primary  meens  of  crash  restraint  within  the  eircreft;  this  should  be  provided  by  the  scet  harness.  Be¬ 
cause  of  the  length  of  strop  normally  required  to  operete  et  the  cebin  door,  the  crewman  would  be  lieble 
to  injuries  caused  by  impacts  within  the  eircreft  cebin  structure  -  which  ere  not  effected  by  the  design  of 
the  herness.  In  effect,  the  main  objective  of  u  "restreint"  harness  for  mobile  aircrewmen  is  to  prevent 
the  crew  member  from  falling  out  of  the  eircreft. 

While  the  essesaments  were  still  in  progress,  the  Chinook  HC1  helicopter  had  been  introduced  into  RAF 
service.  The  harness  provided  for  the  mobile  crewmen  wet  e  full  torso  system  of  US  design  (Fig  S).  Quite 
independently  the  crewmen  were  concerned  thet  the  harness  wes  difficult  end  slow  to  don  end  doff,  end  that 
inadvertent  releese  could  occur  through  snagging  of  the  releese  buckles  on  the  cebin  floor  when  lying  prone. 
Since  the  Chinook  does  not  operate  primarily  over  veter,  it  wes  considered  that  the  prototype  harness  de¬ 
signed  by  the  TAM  might  be  suitable,  as  the  problems  essocieted  with  under  weter  escape  should  not  occur. 

The  harness  (Fig  6)  had  been  modified  by:- 

e.  using  the  basic  skeleton  of  the  lifepreserver  only,  i.c.  without  any  flotetion  or  other 
facilities; 

b.  re-routing  the  strepa  in  order  to  gain  more  even  spreading  of  restreint  loads  over  the  torso; 

c.  dispensing  with  the  teer  stitch  and  re-routing  the  harness  so  that  the  restreint  take  off  point 
wes  nearer  the  veist. 

The  crewmen  would  still  be  restreinmd  by  the  upper  torso,  and  the  harness  would  still  tighten  under  loed. 

This  wes  confirmed  in  drop  tests. 

ieceuse  of  the  desirability  of  having  a  restraint  system  that  could  be  used  throughout  ell  three  Ser¬ 
vices,  it  was  decided  to  assess  this  type  against  both  the  torso  and  the  veist  belt  harness.  Major  modi¬ 
fications  had  been  carried  out  to  the  restreining  strop  portion  of  the  letter.  These  were  es  follows :- 

a.  proving  tha  mechanism  for  length  adjustment; 

b.  incorporating  en  i^roved  cerabiniere  type  eircraft  attachment  hook; 

c.  including  a  force  attenuating  device  in  tha  strop. 
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These  improvements  were  included  in  both  types  of  harness  to  provide  a  more  valid  assessment  of  the  modi¬ 
fications  proposed.  The  result  of  the  trials  indicated  an  overwhelming  preference  for  the  waist  harness 
(Fig  7).  Again,  the  main  reasons  quoted  for  the  preference  were  ease  of  use,  and  minimum  interference  with 
the  flight  task. 

The  following  table  lists  the  design  aims  and  performance  of  each  restraint  system. 


TORSO 

JERKIN 

WAIST 

Ease  of  don/doff 

poor 

fair  (1) 

good 

Emergency  release 

poor 

poor 

good 

Protection  against  inadvertent  release  (2) 

fair 

good 

good 

Upper  body  mobility 

fair 

poor 

good 

Compatability  with  other  equipment  assemblies 

poor 

good 

good 

Preventing  fall  from  aircraft  (3) 

fair 

fair 

good 

Restraint  following  fall  from  aircraft 

good 

good 

poor 

Notes: 

1.  If  integrated  with  lifepreserver  don/doff  not  normally  required. 

2.  Depending  on  quick  release  mechanism  design. 

J.  If  strop  adjusted  correctly. 

4.  Improved  if  force  attenuation  mechanism  included. 

Though  at  first  sight  it  seems  illogical  that  the  "restraint"  harness  chosen  should  be  the  least 
efficient  in  preventing  injury,  it  must  be  remembered  that  the  term  "restraint"  harness  is,  in  this  case, 
a  misnomer  -  as  detailed  earlier.  The  improvements  noted  above  are  as  follows:- 

a.  Force  attenuating  system.  With  a  waist  harness  it  is  very  difficult  to  limit  the  load  on  the 
body  to  5G  because  this  represents  a  fall  of  less  than  1  m.  However,  in  the  context  of  an  aircraft 
and  with  a  crewman  with  an  adjusted  harness,  falls  in  excesr  of  this  distance  are  unlikely.  This  has 
been  borne  out  in  practice;  although  the  occurrences  have  been  rare,  the  crewmen  were  uninjured.  An 
attenuation  material,  called  Plytear  is  available  consoercially.  It  consists  of  two  straps  0.37  m 
long,  joined  together  by  diagonal  stitching.  When  s  load  is  applied  to  the  end  of  each  strap,  the 
stitching  tears  at  a  pre-duermined  load,  until  cither  the  loading  is  reduced  (Fig  8)  or,  in  a  severe 
case,  the  stitching  is  exhausted  and  the  two  straps  part.  To  ensure  continuity  the  system  is  stitched 
at  the  same  end  of  each  strap  to  the  mein  portion  of  the  restraint  strop.  Thus,  if  the  attenuating 
mechanism  were  exhausted,  any  remaining  load  would  be  transmitted  to  the  strop.  This  would,  of 
course,  impart  a  high  peak  loading  on  the  wearer  at  this  point,  but  tests  have  indiceted  that  the 
drop  height  would  have  to  be  in  excess  of  2  m  for  this  to  occur.  The  attenuation  mechanism  begins  to 
operate  at  approximately  3.1  kN  (700  lbf).  The  full  results  of  the  tests  are  at  Table  1  and  a 
typical  force  attenuation  diagram  is  at  Figure  9. 

b.  Aircraft  attachment  hook.  This  must  be  simple,  smell,  reliable,  and  have  a  double  action. 

Hooks  in  current  use  are  cumbersome  and,  more  important,  can  sometimes  be  opened  inadvertently.  The 
proposed  hook  is  similar  to  that  used  by  climbers,  but  modifieo  so  that  t  rotary  action  is  required 
before  the  mechanism  is  able  to  open.  Once  open,  it  can  be  held  in  that  position  nnd  re-locked 
simply  by  releasing  the  spring  loaded  lever.  The  hook  is  proof  loaded  to  over  10  kKs  and  its  eese  of 
action  and  size  have  made  it  well  liked  by  aircrew  during  the  trials. 

c.  Restraining  strop.  The  requirements  for  a  strop  must  be  ease  of  adjustment  of  length  and  resis¬ 
tance  to  twisting  setion.  That  used  originally  was  40  ns  wide  with  a  proof  load  of  17.7  kNs.  The 
modifications  made  for  the  trial  were  the  inclusion  of  a  thicker  material  which  reduced  the  tendency 
for  the  strop  to  twist,  increasing  the  proof  load  to  36.4  kNs,  and  the  use  of  an  adjustment  buckle 
which  was  easy  to  operate  and  did  not  have  the  tendency  of  the  thinner  strop  to  slip  under  load. 

CONCH'S  IONS 

This  paper  has  described  improvements  in  restraint  and  crashworthiness  in  widely  differing  but  impor¬ 
tant  aspects  of  helicopter  operations.  Efficient  harnesses  for  mobile  crewmen,  and  for  passengers,  and 
crashworthy  pilots'  seats  are  of  equal  importance.  The  improvements  described  here  should  lead  to  a 
general  increase  in  crashworthiness. 
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RUN 

DUMMY  MASS 

DROP  HT 

FORCE  AT  PLATEAU 

DURATION  (Sac) 

PLYTEAR  USED 

(Kg) 

<■) 

(kN) 

PLATEAU 

TOTAL 

(X) 

1 

90 

1.2 

3.34 

0.15 

0.38 

4? 

2 

90 

1.2 

3.44 

0.16 

0.32 

43 

3 

90 

1.2 

2.99 

0.16 

0.30 

41 

4 

90 

1.2 

2.84 

0.24 

0.35 

42 

5 

90 

1.2 

3.09 

0.18 

0.32 

50 

6 

90 

1.5 

3.24 

0.25 

0.41 

n 

7 

90 

2.0 

2.79 

0.25 

0.45 

97 

8 

90 

2.2 

2.59 

0.20 

0.40 

100  (1) 

9 

90 

2.2 

2.64 

0.25 

0.43 

100  (2) 

10 

107 

1.2 

2.94 

0.24 

0.55 

41  (3) 

Mean  plateau  (attenuation  breakout)  forca  3.01  kN  SD  0.267  kN  Strop  length  1.2m 

(1)  All  attenuation  used  up:  Peak  forca  of  4.91  kN  over  0.34  aac  from  aecondery  drop 

(2)  Safety  webbing  took  up  tension  during  dacalsration  with  5.48  kN  peak  over  0.076  aac 

(3)  Sierra  anthropometric  du»y  and  lataat  dispatcher  harness  assembly  with  3m  strop  uaad. 
Initial  peak  force  of  3.91  kN  over  0.04  aac  was  recorded. 

TABLE  1 

'Plytaar'  Attenuator  Drop  Teat  Results 


Fig.  7 

Despatcher  harneaa  with  energy  ettenuetor  end  karabinier  hook 


Fig.  6 

Attenuator  after  1.2b  drop  vith  90  kg  sale 
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FVALUAT T ON  SUR  BANC  D'ACCELERATION  HORIZONTAL  ET  I.ORS  D'UN  CRASH 
S1MULE  OE  L'EFFICACITE  DE  SIEGES  ANTICRASH  D'HELICOPTERES. 

ETUDE  SUR  MANNEQUINS  ANTHROPOMORPHIQUES. 

par 

B.  VETTE5  (*)  et  G.  BEZAMAT  (**) 


(#)  -  Mfedecin  en  Chef  -  Spdcialiste  de  Mfedecine  Aferonautique 
Laboratoire  de  Mfedecine  Aerospatiale 
CENTRE  D'ESSAIS  EN  VOL 
91220  -  BRETIGNY-A1R  (FRANCE) 

(##)  -  Expferimentateur  Navigant  d'Essais 

Laboratoire  de  Mfedecine  Aerospatiale 

CENTRE  D'ESSAIS  EN  VOL 

91220  -  BRET1GNY-AIR  (FRANCE) 


RESUME 


Dans  le  cadre  des  etudes  entreprises  en  France  sur  les  chances  de  survie  des  occupants 
d'un  heiicoptfere  au  cours  d'un  crash  et  afin  de  ramener  les  accelerations  A  des  valeurs  supportables  pnur 
l'orqanisme  humain,  des  sifeqes  munis  de  dispositifs  absorbeurs  d'energie  ont  ete  fabrique.s. 

Trois  types  de  sifeges  ont  ete  congus  :  un  sifege  pilote,  un  sifeqe  troisifeme  homme 
mecanicien  pour  le  personnel  navigant  et  un  sifege  troupe  pour  les  passagers. 

Les  essais  de  qualification  ont  cnmpris  des  essais  de  tenue  statique  et  des  essais 
dynamiques  sur  banc  d'acceieration  horizontal  et  au  cours  d'un  crash  simuie  d'une  cellule  d'hfelicoptfere 
PUMA  SA  330. 


Le  Laboratoire  de  Mfedecine  Aerospatiale  du  Centre  d'Essais  en  Vol  de  BRETIGNY/Orqe  a 
ete  plus  specialement  charqe  d'apprecier  l'efficacite  de  tels  sifeges  A  partir  de  1 ' enreqistrement  et  de 
1' analyse  des  accelerations  relevees  sur  des  mannequins  anthropomorphiques. 

Une  methode  automatique  de  dApouillement  et  d' interpretation  des  accelerations  relevf  s 
sur  le  sifege  et  le  mannequin  a  ete  congue  au  LAMAS  et  realisee  par  le  Centre  de  Calcul  du  C.r.V.  File 
est  basee  sur  revaluation  de  l'intensite,  de  la  durfee  des  accelerations,  du  jolt  et  de  la  reponse  eias- 
tique  des  differentes  masses  corporelles  du  mannequin  (bassin-thorax-tfef e) . 

Les  essais  sur  banc  d'acceieration  horizontal  ont  ete  realises  dans  des  directions 
unitaires  verti,..;!^  Z  et  horizontale  X,  et  dans  des  directions  combinees.  Malqre  leur  severitP,  ces 
tests  ont  permis  de  verifier  le  bon  fonctionnement  des  systfemes  absnrbeurs  d'energie  et  1 'attenuatinn  des 
accelerations  transmises  aux  mannequins. 

L'essai  de  crash  a  confirmA  ces  observations.  Les  occupants  de  l'apparpil  auraient  ete 
vraisemblablement  sauves,  cependant  il  subsiste  des  risques  de  blessures  plus  ou  mnins  graves  (commotion, 
fracture,  contusion)  notamment  au  niveau  de  la  region  cervicale  basse  (C^-C^). 


1.  -  INTRODUCTION 


An  cours  d'un  crash  d'heiicoptfere  et  lorsque  l'appareil  reste  plus  nu  moins  contrfile, 
l'impact  au  sol  se  fait  &  une  vitesse  horizontale  relativement  faiblc  et  fe  une  vitesse  verticalp  plus  ou 
moins  grande.  Pour  augmenter  les  chances  de  survie  et  ramener  les  accelerations  fe  des  valeuis  supportables 
pour  l'etre  humain  des  sifeqes  munis  de  dispositifs  absorbeurs  d'energie  ont  ete  fabriques. 

Trois  types  de  sifeges  ont  ete  cnngus  :  un  sifeqe  pilote,  un  sidge  trmsifeme  hommp 
mecanicien  pour  le  personnel  navigant  et  un  sifeqe  troupe  pour  les  passagers. 

Les  essais  de  qualification  ont  compria  des  essais  de  tenue  statique  et  des  essais 
dynamiques  sur  banc  d'acceieration  horizontal  et  au  cours  d'un  crash  simuie  d'une  cellule  d’heiicoptfere 
PUMA  SA  350. 


Le  Laboratoire  de  Mfedecine  Aerospatiale  du  Centre  d’Essaia  en  Vnl  de  BRETIGNY/Orqe  a 
ete  plus  specialement  charge  d'apprecier  l’efficacite  de  tels  sifeqea  fe  partir  de  1 'enreqistrement  et  de 
l'analyse  des  accelerations  relevees  sur  des  mannequins  anthropomorphiques. 


28-2 


2.  -  MATER1ELS  ET  METHODES  : 


2.1.  -  Les  sieges  anti-crash  : 


2.1.1.  -  Le  siege  pilote  (fig.l  ) 

II  est  constitue  d'une  console  fixee  sur  le  plancher  sur  laquplle  coulisse  un  baquet 
compost  d'une  armature  metallique,  d'un  revAtement  en  t&le  et  d'un  coussin.  Le  guidaoe  du  baquet  sur  les 
montants  verticeux  de  la  console  se  fait  par  1 1 intermediaire  de  galets.  le  rfeglage  en  hauteur  peut  Stre 
obtenu  en  plusieurs  positions. Le  siege  est  dquipd  d'un  harnais  cinq  points. 11  est  muni  de  deux  absorbeurs 
principaux. 

2.1.2.  -  Le  siege  troupe  (fig.l  ) 

II  est  constitue  d'une  armature  mdtalligue,  d'une  assise  et  d'un  dossier  en  toile 
tendue  et  d'un  systeme  de  cables  permettant  la  fixation  au  plancher  et  au  plafond  de  l'appareil  (deux 
attaches  sup^rieures  et  quatre  attaches  inferieures  avec  six  cables  dont  guatre  sont  croises).  II  est 
muni  d'un  harnais  quatre  points.  Sa  masse  est  de  7,fl  kg. 


Les  absorbeurs  principaux  sont  situ£s  dans  les  tubes  verticaux.  Les  absorbeurs 
secondaires  longitudinaux  sont  composes  de  deux  verins  reliant  1 'assise  aux  fixations  arriferes. 


pliable. 


2.1.3.  -  Le  siege  troisifeme  homme  (fig-  D 

II  est  de  mAme  nature  que  le  siege  troupe  et  possfede  la  caracteristigue  d'etre  re- 


Pour  le  siege  pilote  lorsque  1 ' acceleration  verticale  depasse  un  seuil  impose,  le 
baquet  est  entraine  vers  le  bas.  La  limitation  de  1 'effort  est  assuree  par  un  systeme  absorbeur  constitue 
d'un  couteau  et  d'une  cartouche  en  eiastomfere  enfermee  dans  un  tube  metallique.  La  partie  supdrieure  du 
tube  est  lide  &  la  console  et  le  deplacement  du  baquet  produit  le  dechirement  de  la  cartouche  en  eiasto- 
mfere  par  le  couteau. 

La  limitation  des  accelerations  transverses  est  produite  par  la  deformation  en  fle¬ 
xion  de  la  partie  infdrieure  des  rails  de  la  console  et  par  1 'allongement  d'une  tige  en  acier  inoxydable. 

Le  principe  du  fonctionnement  des  absorbeurs  du  siege  troupe  est  le  mAme. 

2.2.  -  Le  banc  d'acceieration  horizontal  (fig. 2  ).  • 

II  est  constitue  d'un  chariot  se  dAplagant  sur  des  rails  dont  la  miss  en  vitesse  est  rAalisAe 

e  l'aide  d'un  treuil  entraine  par  un  vArin  hydraulique  asservi  en  deplacement.  11  est  eguipe  A  l'avant  de 

cylindres  metalliques  creux  contenant  des  tubes  de  polyurethane. 

Oes  tiges  metnlligues  fixees  A  un  butoir  et  equipees  d’une  olive  calibree  A  leurs  extremites 

3ont  disposees  face  au  chariot. La  deceleration  est  provoguee  par  le  laminage  du  polyurethane  par  les  oli¬ 

ves  lor3  de  l'impact.  La  vitesse  d'impact  est  deduite  de  la  mesure  du  temps  de  passage  du  chariot  entre 
deux  repAres  fixes.  La  deceleration  est  mesuree  par  un  acceieromAtre  place  3ur  le  chariot.  Tous  les  es- 
3ais  sont  filme3  A  l'aide  d'une  camera  rapide. 

Les  e3sais  dynamiques  effectue3  sur  le  banc  d'acceieration  ont  compris  des  e33ais  realises 
dans  les  directions  uni taires  verticale  Z  longitudinale  X,  laterals  Y  et  directions  combinees  appe- 
leea  test  1  et  2  (fig-  3  et  4 ) . 

Le  te3t  1  represent  un  atterrissage  d'hAlicoptere  dur  avec  maximum  d'acceieration  verticale 
et  des  composantes  X  (30°)  et  Y  i»U°).  (fig. 5  ). 

Le  test  2  represente  un  atterrissage  type  avion  mangue  avec  un  fort  derapage  (composante  Y) 

( fig.  6 ) . 

2.3. -  Le  crash  simuie  de  l'hAlicoptere  Puma  SA  330  (fig. 7  ).  '• 

L’essai  consists  &  faire  chuter  1'hAlicoptAre  d'une  hauteur  de  5,28  m,  selon  un  mouvement 
pendulaire,  de  fagon  A  lui  imprimer  une  viteaae  d'impact  au  sol  de  compoaante  verticale  de  8,5  m/a  et 
horizontale  de  5,6  m/a,  soit  une  vitesse  resultante  de  10,2  m/s.Le  crash  represents  un  impact  sur  un 
terrain  degage  mais  caillouteux  (de  pros  cailloux  sont  fixes  sous  la  structure  au  niveau  des  reservoirs). 

Onze  manneguins  anthropomorphiques  ont  ete  utilises  pour  cet  essai  :  trois  pour  l'6quipage 
et  huit  pour  les  hommes  de  troupe. 

Vingt  cameras  rapides  disposees  dans  l'aire  de  crash  et  deux  cameras  rapides  embnrguees  ont 
filme  la  chute  de  l'impact  de  1 'heiicoptAre. 

2. A.  -  Les  mannequins  : 

Us  sont  du  type  Alderson  -  Serem  ou  Sierra,  eguipes  de  blocs  d'acceieromAtres  triaxes  Z 
X  Y  places  dans  la  tAte,  le  thorax  et  le  bassin  (fig.  8). 

2.5.  -  La  methode  d' analyse  des  resultats  '• 

A  partir  de  chague  courbe  d'acceieration  intensite  en  fonction  du  temps,  filtree  A  100  Hz, 
nous  avons  effectue  une  dAcoupc  en  tranche  de  2,5  g.  Cheque  tranche  represents  alors  un  plateau  d'ac¬ 
ceieration  d'une  certaine  durep.  On  peut  ainsi  tracer  une  courbe  de  ces  differents  plateaux.  Ces  cour- 
bes  sont  alors  placees  sur  les  diagrammes  de  tolerance  aux  accelerations  de  duree  brAve  +  Cz  ;  -  Cz  ; 

-  Gx  ;  +  Gx,  etablis  par  WE8B  en  1964. 
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Cette  operation  est  rApAtAe  pour  chague  acceleration  (chariot  -  plancher  -  elements  oorpo- 
rels  des  manneguins  :  tAte  -  thorax  -  bassin). 

Par  calcul  de  la  dArivAe  de  1'accAlAration,  on  peut  apprAcier  le  jolt  obtenu  et  par  refe¬ 
rence  au  diagramme  de  EI3AND-  avoir  une  idee  des  risgues  encourus. 

Pour  tenir  compte  de  la  rAponse  dlastique  des  diffArentes  masses  corporelles  (tAte.-  thorax 
bassin)  pouvant  donner  lieu  A  des  phAnomAnes  de  dAphasage,  de  resonance  (over  shoot)  ou  d' amortissement 
(COERMAN  et  coll.  1962),  nous  avons  reprdsente  sur  un  mAme  graphique,  en  les  superposant,  toutes  les  ac¬ 
edia  rations  d'un  mAme  axe. 

Cette  mAthode  automatigue  de  dApouillement  et  d' interpretation  congue  au  LAMAS  a  ete  rAali- 
sAe  par  le  Centre  de  Calcul  du  C.E.V. 

3.  -  RESULTATS 


Nous  prendrons  comme  exemple  les  rAsultats  obtenus  sur  un  mannequin  assis  sur  un  siAge  anti¬ 
crash  troupe  subissant  sur  le  banc  d 'acceleration  un  test  1  et  place  face  vers  l'avant  dans  le  cargo 
du  PUMA. 


Pour  une  acceleration  de  39  g  du  chariot,  sur  l'axe  vertical  Z,  les  pics  trAs  brefs  (1  ms) 
d'accdierations  positives  relevAs  sur  le  bassin,  le  thorax  et  la  tAte,  atteignent  35  A  36  G.  Pour 
le  bassin  un  pic  est  supdrieur  A  40  c.  Ils  sont  suivis  de  brAves  pointes  negatives  de  10  g  pour  le  thorax 
et  de  20  g  pour  la  tAte. 

Les  courbes  des  plateaux  d' acceleration  rapportAes  sur  le  diagramme  +  Gz  de  WEBB (fig. 9) . 
se  situent  dans  la  zone  des  blessures  lAgAres  et  sur  le  diagramme  -  Gz  dans  la  zone  d' exposition  volon- 
taire  pour  le  bassin  et  le  thorax  et.  dans  la  zone  des  blessures  lAgAres  pour  la  tAte. 

Le  jolt  trAs  important  au  niveau  du  bassin  n'est  plus  au  niveau  de  la  tAte  que  de  3000  g/s  et 
du  thorax  de  2000  g/s. 

La  superposition  des  diffArentes  courbes  n' indigue  aucun  dApbasage  entre  le  bassin,  le  thorax 
et  la  tAte  et  tAmoigne  d'un  lAger  amortissement.  (Fig.  10). 

Sur  l'axe  X  les  accelerations  sont  de  moindre  intensitA  (pic  entre  24  et  27  g  surlfi  bassin 
et  le  thorax).  Elies  atteignent  cependant  -  38  g  et  +  38  g  au  niveau  de  la  tAte  (brAve  et  brutale  oscil¬ 
lation). 


Ces  valeurs,  A  l'exception  de  celles  de  la  tAte,  prennent  place  sur  le  diagramme  -  Gx  dans 
la  zone  d'exposition  volontaire. 

Les  courbes  d'accAlArations  superposAes  mettent  en  evidence  1 ' ampli fication  au  niveau  de  la 

tAte. 


Le  jolt  n'excAde  en  aucun  cas  3500  g/s,  valeur  bien  en  dessous  dus  zones  de  tolerance  du 
diagramme  de  EIBAN0. 

Sur  l'axe  V  les  accelerations  affectent  un  mede  vibratoire  avec  des  pics  positifs  et  nAgatifs 
oscillant  entre  8  g  et  13  g.  Ces  oscillations  sont  particuliArement  marguAes  au  niveau  de  la  tAte. 

Lots  du  crash  simulA  du  PUMA,  aur  l'axe  Z  au  niveau  du  bassin,  le  choc  principal  est  prAcAdA 
d'une  brAve  pointe  d'accAlAration  negative  de  25  g,  suivie  immAdiatement  d'un  changement  de  signe  (deux 
pointes  A  22  g).  Au  niveau  du  thorax  et  de  la  tAte  on  retrouve  les  formes  classigues  de  repartition  des 
accelerations  dans  le  temps.  Cependant,  les  hautes  frAguences  ne  sont  pas  assez  attAnuAes  pour  gue  la 
tAte  n'accuse  pas  de  secousses  pergues  sur  le  bassin  (deux  pointes  A  15  g  pendant  4  ms).  Cependant,  l'ac- 
cAlAraticn  maximale  de  la  tAte  ne  dApaase  pas  15  g  alors  gue  le  plancher  est  sollicitA  par  un  mode  vibra¬ 
toire  dont  les  pointes  dApassent  40  g. 

RapportAes  aur  le  diagramme  de  WEBB,  ces  valeura  se  aituent  au  pire  dans  la  zone  des  blessu¬ 
res  lAgArea  et  aont  le  plus  souvent  du  domaine  du  siAge  Ajectable.  (Fig.  11). 

On  observe  un  jolt  important  de  prAs  de  5000  g/s  au  niveau  du  bassin. 

La  superposition  des  diffArentes  accAlArations  fait  ressortir  la  pointe  negative  du  bassin 
entralnant  une  amplification  d'un  facteur  25  par  rapport  A  1 'ensemble  thorax-tAte.  Puis  1 'ensemble  bassin 
thorax-tAte  est  en  phase  sans  amplification.  (Fig.  12). 

Sur  l'axe  X,  bien  gue  d' intensitA  relativement  modArAe  par  apport  aux  tolerances  humaines, 
les  accelerations  atteignent  18  g  au  niveau  du  thorax.  Sur  le  diagramme  de  WEBB  ces  valeurs  se  situent 
dans  la  zone  d'expoaition  volontaire. 
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4.  -  DISCUSSION 

Lors  de  l'essai  sur  banc  d'accAlAration,  les  valeurs  de  1 'acceleration  relevees  au  ni¬ 
veau  du  bassin  sur  l'axe  Z  peuvent  faire  craindre  des  lesions  pour  1 'occupant  du  siege.  11  faut  cependant 
signaler  que  pour  le  type  de  mannequin  utilise,  le  bloc  des  accAlAromAtres  fixe  dans  le  bassin  est  Aqale- 
ment  lie  £  1 'articulation  du  membre  infAriecr  (cuisse  et  jambe).  Ainsi  1 ' acceierom£tre  qui  mesure  l'axe  Z 
ne  se  trouve  pas  rigoureusement  dans  l'axe  de  la  colonne  vertebrale.  Au  cours  du  choc,  la  course  des  amor- 
tisseurs  des  montants  du  si£ge  est  tres  importante  et  entraine  une  projection  et  une  rotation  des  membres 
inferieurs.  Le  decalage  angulaire  initial  de  l'axe  Z  auqmente  de  fagon  extrAmement  variable  sans  qu’il 
soit  possible  de  le  mesurer. 

II  convient  done  d'etre  extrAmement  prudent  dans  1 ' interpretation  de  cet  enregistrement. 

Par  contre,  les  accelerations  Gz  relevees  sur  le  thorax  et  la  tete  sont  representatives 
des  accelerations  subies  par  la  colonne  vertebrale  en  cet  endroit.  Elies  indiquent  l'effet  amortisseur  du 
siAqe  anticrash.  En  effet,  elles  sont  inferieures  £  celles  du  chariot  et  ne  prennent  place  qu'un  trAs 
court  instant  dans  la  zone  des  blessures  lAqAres. 

Le  jolt  au  niveaudela  tAte  est  encore  qrand  et  se  situe  sur  le  diagramme  de  EIBAND  un 
peu  au-dessus  des  valeurs  tolArAes  par  des  sujets  humains  volontaires. 

Sur  l'axe  X  la  brutale  oscillation  negative  (-  38  q)  puis  positive  (+  38  q)  de  la  tAte 
provoque  un  mouvement  force  pendulaire  comme  le  confirment  les  films  cinAmotoqraphiques.  Ce  ehanqement 
rapide  de  sens  entralnant  une  hyperflexion  de  la  region  cervicale  basse  (C5-  C7),  suivie  d'une  extension 
brutale  risque  de  provoquer  des  lesions  qraves  (PATRICK  et  coll.  1965). 

Ce  phenomena  inevitable  ne  met  pas  en  cause  le  sifege  anticrash. 

Seul  un  harnais  gonflable  pourrait  peut  Atre  empAcher  ces  mouvements  intempestifs. 

Les  accelerations  Y  ne  sont  pas  negligeables.  Elles  tendent  £  provoquer  une  dissymetrie 
du  corps  humain  qui  conffere  £  la  colonne  vertebrale  une  attitude  defavorable  £  une  bonne  tenue  aux  accele¬ 
rations  verticales  subies  simultanement.  Les  oscillations  £  gauche  et  £  droite  de  la  tAte  sont  des  fac- 
teurs  aggravants  (EWING  et  coll.  1977).  Selon  ZABOROWSKI  1966,  ces  accelerations  Y  sont  mal  supporLAes 
et  peuvent  Atre  £  l'origine  de  troubles  cardiaques. 

On  peut  done  estimer  que  1 'occupant  aurait  pu  Atre  victime  de  blessures  au  niveau  de 
la  colonne  vertebrale  dorso  lombaire  et  cervicale  avec  un  etat  de  choc  plus  ou  moins  prononce. 

Neanmoins,  il  convient  de  signaler  qu'il  s'agit  d'un  test  extrAmement  sAvfere.  La  posture 
qu'il  nAcessite  ne  correspond  pas  £  une  attitude  couramment  expArimentAe  dans  la  gamme  des  essais  de  crash 
effectuAs  sur  diffArents  hAlicaptAres  (sujets  normalement  assis  sur  leur  siAge). 

11  represente  plutflt  un  crash  d’un  appareil  non  contrAlA  heurtant  le  sol  sous  n'importe 
guelle  incidence  .  qualifiA  jusqu'alors  de  crash  sans  aucune  chance  de  survie. 

Le  crash  simulA  se  rapprache  beaucoup  plus  de  cas  rAel  :  appareil  contrblA,  impactant 
le  sol  avec  une  vitesse  horizontale  r"lativement  faible  et  une  vitesse  verticale  importante  (autorotation 
manquAe  ,  perte  soudaine  de  puissance). 

La  superposition  des  rourbes  d'accAlArations  Gz  met  en  evidence  le  filtraqe  du  sifeqe 
et  son  amort issement .  Elle  montre  la  transmission  amortie  des  accelerations  du  bassin  au  thorax  et  1 'exci¬ 
tation  vibratoire  de  la  tAte  dont  les  accelerations  sont  en  opposition  avec  celles  du  thorax,  ce  qui  in- 
dique  une  solicitation  en  traction  compression  du  cou.  Le  mannequin  a  AtA  plus  secouA  qu'AcrasA.  (Fig.  12). 

Sur  l'axe  X  1 'accAlArat ion  du  bassin  chanqe  rapidement  de  siqne.  II  a  AtA  sollicitA 
successivement  dans  des  sens  opposes  d'abord  projetA  en  avant  par  inertie  puis  poussA  en  avant  par  un 
autre  mannequin  placA  dernAre  lui  (confirmation  apportAe  par  l'examen  O’s  films).  En  revanche,  le  thorax 
et  la  tAte  ont  AtA  constamment  pro jetAs  en  avant.  Ce  mouvement  alternA  du  ,ii£qe  a  prnvoquA  des  oscilla¬ 
tions  de  tout  le  corps  nettemer.t  perceptibles  °ur  1 ' accAlAromAtre  de  la  tAte.  De  plus,  le  choc  du  manne¬ 
quin  placA  £  1'arriAre  a  imprimA  au  siAge  une  rotation  de  qauche  £  droite  de  60°,  ce  qui  ne  peut  Atre 
qu'un  facteur  aqqravant. 

En  consAquence,  on  peut  estimer  qu'un  tel  homme  de  troupe  aurait  eu  la  vie  sauve  avec 
rependant  des  risques  de  lesions  au  niveau  de  la  cnlor.ne  vertebrale  (fractures)  et  quelques  contusinns 
“inon  des  douleurs  musculaires  au  niveau  du  cnu. 

5  .  -  CONCLUSIONS 


Au  cours  de  ces  essais  dynamiques,  le  type  d'exploitation  de  ces  rAsultats  adoptA  par  le 
LAMAS  du  C.E.V  a  permis  d'apporter  des  renseignements  intAressants  sur  les  chancea  de  survie  des  occu¬ 
pants  et  sur  l'efficacitA  des  moyens  de  protection.  Les  siAqes  anticrash  ont  parfaitement  rempli  leur 
rdle,  les  systAmes  absorbeurs  d'Anerqie  ont  amnrti  les  accelerations  du  chariot  et  du  plancher  de  1'hAli- 
roptAre.  Les  diffArentes  parties  du  corps  restenl  en  phase  durant  tnut  le  phAnomAne.  Cependant  la  combi- 
naison  d'acrAlArat ions  sur  les  trois  axes  risque  d'entralner  des  blessures  plus  ou  moins  graves. 

Certes  de  telles  experimentations  sont  rAalisees  sur  mannequins.  Leur  transposition  a 
des  cas  rAels  est  done  sujette  £  caution,  mais  elles  ont  permis  de  mettre  au  point  une  mAthode  d'analyse, 
d' interpretation  et  de  fournir  une  prediction  de  la  tolerance  au  crash  avec  une  certaine  marge  de  sAcuri- 
tA.  II  est  probable  que  le  corps  humain  dnnt  les  structures  sont  plus  mallAables  et  plus  souples  amorti- 
raient  davantaqe  les  accelerations  enreqiutrAes  lors  de  ces  impacts. 
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DISCUSSION 

STEELE -PERKINS  (UK) 

Could  you  explain  your  philosophy  of  having  the  nose  undercarriage  down  but  no  main  undercarriage  during 
the  drop  of  the  SA  330? 

AUTHOR'S  REPLY 


The  test  crash  of  the  Puma  SA  330  was  organized  by  the  Toulouse  Center  for  Aeronautical  Studies,  and  the  SN1AS 
(Aerospatiale)  of  Marignane.  The  CEV  (Fligh :  Test  Center)  of  Bretigny  was  solely  concerned  with  the  dummies  and 
their  instrumentation.  The  project  directors  had,  therefore,  decided  to  crash  the  helicopter  with  only  the  nose  gear 
because  the  crashworthy  main  undercarriage  was  not  ready  for  installation  at  the  time  of  the  crash.  The  crash- 
worthy  main  gear  has  been  successfully  tested  since  that  time  at  the  CEAT  de  Toulouse  with  a  toboggan. 


DESJARDINS  (USA) 

Why  did  you  refer  to  the  unsurvivability  of  the  test  of  the  Puma  when  there  seemed  to  be  adequate  maintenance 
of  livable  volume  in  the  aircraft  during  the  crash? 

AUTHOR'S  REPLY 

The  crash  test  ol  the  PUMA  SA  330  was  considered  like  a  crash  having  a  good  chance  of  survival .  It  was  planned 
to  be  an  assumed  loss  of  power  and  a  poorly  executed  autorotion,  to  produce  a  slow  longitudinal  speed  and 
excessive  sink  speed.  The  anti-crash  seats  were  intended  to  further  improve  the  chance  of  survival  by  reducing 
vertical  acceleration.  It  is  not  necessary  that  the  cabin  be  crushed  to  have  people  killed.  They  can  die  sitting  in 
their  seats  without  being  crushed  . 

DESJARDINS  (USA) 

Does  the  knife  blade  in  the  energy  absorbing  device  you  described  as  being  used  on  your  troop  scat  cut  the  side 
wall  of  the  tube  during  stroke? 

AUTHOR'S  REPLY 

At  the  moment  of  impact,  the  knife  penetrates  into  the  elastomeric  cyclindcr,  tears  it,  and  absorbs  energy, 
but  the  tube  remains  intact. 

DESJARDINS  (USA) 

How  did  the  other  scats  (not  described  in  the  presentation)  perform?  (Adequate  or  not). 

AUTHOR'S  REPLY 

The  other  anti-crash  scats  .  of  a  different  concept,  worked  more  or  less  satisfactorily.  Some  fulfilled  their 
role,  but  one  did  not  work,  the  dummy  remained  on  it  but  would  have  received  severe  trauma. 
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SOME  LIMITATIONS  OF  ADULT  SEAT  BELTS  WHEN  USED  TO  RESTRAIN 
CHILD  DUTIES  IN  SIMULATED  FRONTAL  IMPACTS 
by 

A.P.  Roy1,  K.J.  Hill1  and  G.M.  Mack.iy2 

1  -  Road  Safety  Engineering  Laboratory,  Middlesex  Polytechnic, 

The  Burroughs,  Hendon,  London  NW4  4BT,  England. 

2  -  Accident  Research  Unit,  University  of  Birmingham, 

Birmingham  BIS  2TT,  England. 


ABSTRACT 

U.K.  legislation  will  require  front  seat  car  occupants  to  be  restrained.  This  may  lead  to  increased  use 
of  adult  seat  belts  by  children.  As  a  result  of  safety  propaganda  and  the  difficulty  of  fitting  U.K. 
manufactured  child  restraint  systems  in  the  front  seat,  tire  majority  of  restrained  children  travel  in  the 
rear  seating  positions. 

Since  the  anatomy  of  children  changes  with  age,  theoretical  analyses  have  suggested  at  least  three  categories 
of  restraint  systems,  each  requiring  a  different  design  philosophy.  Such  analyses  infer  that  adult  lap  and 
diagonal  and  lap  belt  only  configurations  are  unsuitable  for  infants  and,  in  certain  circumstances, 
unsatisfactory  for  younger  sitting  children,  whilst  in  the  real  world  of  accidents  there  is  insufficient 
data  to  draw  any  firm  conclusions. 

This  paper  seeks  to  approach  the  problem  of  younger  sitting  children  by  reporting  the  results  of  a  series  of 
simulated  crash  tests  using  the  KL/Middlesex  Polytechnic  test  sled  and  comparing  them  with  known  U.K. 

Occident  performance  of  child  restraints  complying  with  BS.3254  -  1960  (designed  for  the  9  months  to  41 
years  age  range) . 

The  test  programme  simulated  three  types  of  frontal  crash  pulse  with  a  dummy  representing  a  SOiile  3  year 
old  restrained  in  adult  lap  and  diagonal  belts  and  adult  lap  belts.  Initial  crash  velocities  were  of  the 
order  of  50  km/h  with  sled  input  pulses  ranging  from  14  g  to  43  g.  The  results  suggest  that  the  adult  lap 
and  diagonal  configuration  was  generally  satisfactory  but  for  very  severe  crash  decelerations  the  diagonal 
strap  may  load  the  neck  in  a  manner  which  does  not  occur  with  conventional  child  restraints.  This  neck 
load  can  be  reduced  by  using  a  properly  located  booster  cushion  but  not  by  household  cushions  which  slip 
out  and  leave  the  child  vulnerable  to  submarining.  The  lap  belt  only  configuration  allows  the  durnny  to 
jacknife  with  a  possible  risk  of  abdominal  injury  and  of  a  head  contact  with  the  vehicle  fascia. 


INTRODUCTION 

The  Transport  Act  of  1981  in  the  United  Kingdom  has  a  provision  (33B)  that  persons  over  the  age  of  one  year 
shall  not  be  transported  in  the  front  seats  of  motor  vehicles  in  less  they  are  restrained,  although  there 
are  a  small  number  of  exceptions  which  need  not  concern  us  here.  Child  restraint  systems  on  sale  in  the 
U.K.  are  difficult  to  fit  to  the  front  passenger  seats  of  current  vehicles  because  they  require  four 
anchorage  points  symmetrically  placed.  It  is  believed,  therefore,  that  increased  use  will  be  made  of 
adult  lap  and  diagonal  belts  by  children  of  ages  between  one  and  fourteen  years.  This  paper  seeks  to 

examine  the  suitability  of  adult  lap  and  diagonal  belts  for  use  as  a  restraint  system  for  children. 

A  review  of  the  theoretical  design  considerations  of  child  restraints  and  field  accident  data  suggests  that 
children  in  the  age  range  of  one  year  to  4 J  years  are  the  least  likely  to  "fit"  adult  belts  and  so  the 
simulated  crash  tests  have  concentrated  on  this  age  range.  The  performance  parameters  of  the  adult 
restraints  have  been  judged  against  the  appropriate  requirements  of  the  two  child  restraint  standards 
current  in  the  U.K. ,  namely  BS  3254  -  1960  and  ECE  Regulation  44. 

THEORETICAL  CONSIDERATIONS 

The  biomechanical  properties  of  children  vary  considerably  with  age  and  children  cannot  be  considered 
merely  as  scaled  down  adults.  In  general  their  growth  is  characterised  by  sudden  spurts  between  times  of 
slower  and  more  iniform  growth.  Individuals  of  the  same  age  group  may  show  considerable  differences  in 
development.  Several  areas  of  the  body  require  special  considerations  at  different  ages.  For  instance, 
the  head  represents  about  251  of  the  total  body  length  at  birth  but  only  about  14',  when  adult;  the  brain 
attains  about  751  of  its  adult  size  by  the  end  of  the  second  year. 

Burdi  et  al  (1969)  reviewed  the  anatomical  parameters  which  nust  be  taken  into  accomt  when  considering  the 
restraint  of  children  in  vehicles  and  concluded  that  infants  and  yorng  children  relative  to  adults  haver- 

fa)  a  large  head  cm  a  thin  neck 

(b)  a  thin  skull,  thus  lacking  protection  for  the  brain  against  direct  impact 

(c)  a  softer  and  shorter  chest 

(d)  a  large  and  mprotected  abdomen 

(e)  a  thick  layer  of  subcutaneous  tissue 

(f)  a  small  pelvis  with  mdeveloped  iliac  crests 

(g)  a  high  centre  of  gravity 

(h)  shorter  and  lighter  legs 

(i)  an  inability  to  sit  up  maided  mtil  the  age  of  about  9  ramths. 

These  characteristics  lead  to  the  following  criteria  which  mist  be  considered  in  the  design  of  a  child 
restraint;- 
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(1)  Each  age  range  requires  its  own  type  of  restraint  incorporating  ease  of  adjustment  to  fit  a 
variety  of  sizes  particularly  in  the  9  months  to  4|  years  age  group. 

(2)  Direct  intact  of  the  child  with  car  structures  must  be  prevented,  particularly  for  the  head, 
chest  and  abdomen. 

(3)  Violent  deceleration  of  the  child  by  the  restraint  must  be  avoided  since  it  will  produce  a 
response  from  the  relatively  large  head  which  loads  the  neck. 

(4)  The  restraint  forces  must  be  spread  over  a  relatively  large  area. 

(5)  Direct  forces  must  not  be  applied  to  the  child's  abdomen. 

(6)  The  lap  belt  of  a  restraint  must  be  prevented  from  sliding  over  the  abdomen  thus  allowing 
the  child  to  submarine. 

These  anthropometric  requirements  are  reflected  in  National  and  International  Standards  which  categorize 
children  into  three  classes: - 

the  supine  child, 

the  younger  sitting  child,  and 

the  older  sitting  child. 

Current  child  restraint  standards  normally  define  these  classes  in  terms  of  the  mass  of  the  50Tile  child 
of  the  given  age  range.  Not  all  standards  agree  cn  the  mass  and  age  ranges,  except  for  some  measure  of 
agreement  on  the  age  range  of  the  supine  infant  (0-9  months).  Table  1  shows  the  age  groups  specified 
in  BS  3254  and  ECE  44  respectively. 

TABLE  1 


Standard  Lower  Limit  Upper  Limit  Distinguished  Croups  Corresponding  Ages  (SOIile)  Date  of  Issue 
kg  kg  kg  yr 


BS  3254  9 

36 

9  -  ’8 

1  - 

41  1960  rev. 1968 

18  -  36 

4j  - 

11 

ECE  44  9 

36 

9-18 

1  - 

4j  1981 

IS  -  25 

3i  - 

71 

22  -  36 

6J  - 

11 

Table  2  shows  the  types  of  restraint  cotnnercially  available 

in  tile  U.K. 

TABLE  2 

Class 

Age  (years) 

Type  of  Restraint 

Supine  child 

o 

1 

Carry  cot 

Stiffened  carry  cot 

Younger  sitting  child 

1  -  4j 

Seat  shell  with  harness  - 
forward  and  rearward  faring 

Older  sitting  child 

41  -  li 

Full  harnesses,  inpact  shields 
adult  restraints,  booster 

cushions 

Brockhoff  (1976)  describes  a  selection  of  child  restraints  comercially  available. 

OPTIONS  AVAILABLE  TO  THE  PARENT  FOR  RESTRAINING  A  CHILD  IN  THE  FRONT  PASSENGER  SEAT 

A  study  of  the  options  available  in  the  U.K.  suggests  that  the  parent  may  choose  to  restrain  the  child 
using  one  of  the  following  opticns:- 

(1)  Use  a  child  safety  seat  or  harness  which  complies  with  BS  3254  or  ECE  44  for  the  younger 
and  older  sitting  child.  These  standards  do  not  cover  the  supine  infant  at  present. 

(2)  Use  an  adult  lap  and  diagonal  belt. 

(3)  Use  the  lap  strap  only  of  an  adult  lap  and  diagonal,  when  the  parent  finds  that  the 
shoulder  strap  passes  across  the  child's  face  (this  may  occur  for  children  of  age  up  to 
approximately  4  years) . 

(4)  Use  a  properly  designed  booster  cushion  in  conjunction  with  an  adult  lap  and  diagonal  belt. 

(5)  Use  an  allocated  soft  cushion  to  boost  height. 

In  order  to  evaluate  the  results  of  the  simulated  tests  and  put  them  in  perspective,  it  is  appropriate  to 
review  the  performance  of  options  (1)  and  (2)  using  accident  data. 

ACCIDENT  DATA 

The  unrestrained  child 


In  accidents  of  the  inpact  severity  simulated  in  the  tests  described,  accident  data  show  that  unrestrained 
children  occupying  both  the  front  and  rear  seating  positions  are  seriouisly  or  fatally  injured. 

In  an  analysis  of  61  high  energy  frontal  inpacts ,  in  which  at  least  one  child  in  each  car  was  fatally 
injured,  taken  from  the  files  of  the  University  of  Birmingham  Accident  Research  Unit,  Roy  (1980)  reported 
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that  children  who  were  not  ejected  from  their  Safe  Ride  Down  Envelope  (SRDE)  received  significantly  less 
fatal,  injuries  than  those  who  were  ejected.  The  SRDE  is  defined  as  the  space  in  which  the  occupant  may 
be  decelerated  without  contacting  the  vehicle  structure,  thus  for  a  child  sitting  in  the  front  seating 
position  the  dashboard,  door  and  roof  represent  the  limits. 

From  the  total  sample  of  93  seriously  and  fatally  injured  children,  it  was  possible  to  identify  injury 
agents  for  22.  Of  these,  15  children  who  were  seriously  injured  reached  the  limits  of  their  SRDE,  13  of 
whom  contacted  a  surface  which  was  relatively  energy  absorbing.  Of  7  children  who  were  fatally  injured, 

5  struck  relatively  rigid  parts  of  the  vehicle.  The  distribution  of  injuries  for  the  93  children  is  shown 
in  Figure  1.  It  will  be  noted  that  the  majority  of  both  ncn-life  threatening  injuries  (39.21.)  and  life 
threatening  injuries  (12.8%)  were  to  the  head  or  face. 

FIGURE  1  DISTRIBUTION  OF  AIS  1  -  3  (NON-LIFE  THREATENING)  AND  AIS  4  -  6  (LIFE  THREATENING)  INJURIES 
GROUPED  BY  LOCATION  FOR  UNRESTRAINED  CHILDREN  -  HIGI  ENERGY  IMPACTS 

Total  number  of  injuries  -  227 
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These  data  suggest  that  children  should  be  contained  within  their  SRDE  and  prevented  from  contacting  the 
vehicle  structure,  particularly  with  the  head. 


The  child  restrained  in  child  systems 


Roy  et  al  (1980)  reported  the  injury  pattern  of  762  children  in  accidents,  of  whom  571  were  restrained  in 
safety  seats,  80  in  harnesses,  and  90  were  inrestrained.  (The  safety  seats  and  harnesses  complied  with 
BS  3254.)  The  data  was  obtained  from  questionnaire  returns  organised  by  TRRL  in  conjunction  with  KL 
Automotive  Limited.  The  majority  of  the  children  in  seats  were  within  the  age  range  9  months  to  4J  years 
inplied  by  the  standard  (BS  3254),  but  over  501  of  the  children  in  harnesses  were  younger  than  the 
minimum  age  of  4j  years.  Overall,  the  frequency  of  injury  to  inrestrained  children  was  of  the  order  of 
three  times  greater  than  for  restrained  children.  The  distribution  of  injuries  to  both  restrained  and 
inrestrained  children  is  shown  in  Figure  2.  The  head,  face  and  neck  is  the  zone  with  the  highest 
percentage  of  injuries. 


The  breakdown  of  injuries  by  severity  for  restrained  children  is  shown  in  Figure  3.  A  theoretical 
disadvantage  of  forward  facing  restraints  in  frontal  inpacts  is  that  the  head  may  apply  loads  to  the  neck 
leading  to  injury  during  the  time  that  the  child's  torso  is  being  decelerated  by  the  restraint.  In 
practice,  however,  there  were  no  neck  injuries  with  a  severity  greater  than  AIS  1  in  the  restrained 
sanple. 


The  frequency  of  neck  injuries  was  of  the  same  order  as  mouth  lacerations  and  bruises  to  the  torso. 


29-4 


FIGURE  2  SUMMARY  OF  LOCATION  OF  INJURIES  GROUPED  BY  HEAD,  TORSO  AND  EXTREMITIES  -  MEDIUM  AND  LOW  ENERGY 
IMPACTS 
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FIGURE  3  1  OF  INJURIES  IN  GIVEN  LOCATION  BY  SEVERITY  FOR  CHILDREN  RESTRAINED  IN  CHILD  SEATS  AND 

HARNESSES  -  MEDIUM  AND  LOW  ENERGY  IMPACTS 
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The  child  restrained  in  adult  belts 

There  is  firm  evidence  that  a  restraint  appropriate  to  the  child's  age  (and  hence  stature)  is  effective. 
Therefore,  it  is  appropriate  to  examine  accident  data  as  a  function  of  the  child's  age  because  it  is  the 
younger  sitting  child  who  is  least  likely  to  fit  adult  belts. 

Comparatively  little  accident  data  have  been  published  on  the  performance  of  adult  belts  restraining 
children,  the  literature  that  exists  in  general  comes  from  sources  outside  the  D.K.  Siegal  et  al  (1968) 
concluded  that  children  of  the  age  range  3-4  years  may  begin  to  use  a  standard  lap  belt,  but  should  not 
use  an  adult  lap  and  diagonal  belt  until  they  reach  a  sitting  height  of  about  2  ft.  (610  run),  or  a  standing 
height  of  4  -  S  ft.  (1220  mm  -  1524  mm).  This  means  an  age  of  at  least  6  years  for  a  50Ule  male. 

Vazey  (1977)  reported  on  accidents  involving  children,  mainly  below  6  years  of  age,  restrained  by  adult 
belts.  He  reported  that  16  out  of  37  children  (431)  in  lap  and  diagonal  belts  suffered  head  injuries  of 
severity  AIS  1  or  greater  and  for  children  restrained  by  lap  belts  6  out  of  13  (461)  suffered  severe  head 
injuries.  From  the  vehicle  damage  rating  stated  only  4  vehicles  out  of  119  appear  to  have  had  an 
equivalent  ETS  of  the  order  of  25  km/h  or  more,  which  suggests  this  sample  represents  impacts  of  low  to 
medium  severity.  The  frequency  of  head  injury  to  children  in  adult  belts  in  Vazey's  sarple  was  of  the 
same  order  as  that  of  those  children  in  child  restraints  in  the  Birmingham  sample,  i.e.  7  out  of  18 
(38.91),  which  were  in  general  high  energy  impact  cases.  These  frequencies  should  be  compared  with  61  of 
the  restrained  children  suffering  head  injuries  of  severity  AIS  1  or  more  in  the  KL/TRRL  sample  where 
impact  severity  is  more  representative  due  to  the  sample  size.  Vazey  tentatively  recommended  that  adult 
belts,  provided  they  are  adjusted  tightly,  be  used  by  children.  He  reported  examples  of  ejection  from 
loosely  adjusted  'static'  adult  lap  and  diagonal  seat  belts. 

Norin  and  Andersson  (1978)  reviewed  accidents  to  103  children  in  adult  restraints.  In  this  sample  only 
one  child  was  less  than  the  age  of  5  years,  two  or  age  6  and  four  were  of  age  7,  thus  931  were  8  years  of 
age  or  older.  Their  report  concluded  that  belted  children  are  not  injured  more  often  or  more  severely 
than  belted  adults.  In  a  further  report,  Norin  et  al  (1979)  concluded  that  adult  belts  are  suitable  down 
to  the  age  of  7  years,  possibly  with  the  use  of  a  booster  cushion  for  those  of  small  stature.  They 
recoimend  that  children  in  the  age  range  4-6  years  remain  in  child  seat  restraints  as  long  as  possible 
and  then  use  an  adult  belt  with  a  booster  cushion. 

SUM4ARY  OF  CONCLUSIONS  FROM  PREVIOUS  LITERATURE 

Theoretical  and  field  evidence  suggest :- 

(1)  That  the  age  of  the  child  and  hence  stature  is  the  primary  parameter  when  considering  the 
use  of  adult  belts. 

(2)  For  unrestrained  children,  contact  with  the  vehicle  structure  and  ejection  are  inportant 
injury  mechanisms. 

(3)  Child  restraints  which  couuply  with  BS  3254  are  effective  in  reducing  the  frequency  and 
severity  of  injury. 

(4)  Both  for  unrestrained  and  restrained  children,  the  head  and  face  is  the  body  area  with  the 
highest  frequency  of  injury,  and  in  the  case  of  unrestrained  children  also  the  body  area 
with  the  highest  frequency  of  life  threatening  injuries. 

(5)  For  restrained  children,  neck  injuries  occur  with  both  low  severity  and  frequency  and 
therefore  do  not  seem  to  constitute  a  risk. 

(6)  Field  evidence  to  date  lacks  sufficient  data  on  the  effectiveness  of  adult  belts  as  a 
restraint  method  for  children  below  the  age  of  6  years. 

These  factors  led  to  the  conclusion  that  it  would  be  constructive  to  conduct  crash  simulation  tests 
appropriate  to  the  younger  sitting  child  (9  months  -  4)  years)  because  this  is  the  age  range  for  which 
adult  belt  restraint  may  be  most  inappropriate  and  where  the  least  field  accident  data  exist. 

TEST  FACILITY 

The  test  programme  was  carried  out  on  the  KL/M>  dynamic  test  rig  in  the  Road  Safety  Engineering  Laboratory 
at  the  Middlesex  Polytechnic.  The  facility  has  been  described  elsewhere  in  detail,  Hill  and  Roy  (1982). 

In  essence  the  rig  consists  of  a  rubber  cord  powered  test  sled.  The  sled  can  be  accelerated  in  its 
present  form  up  to  a  velocity  of  55  km/h  before  impact.  It  is  then  decelerated  using  several  different 
methods. 

A  block  diagram  of  the  instrumentation  is  shown  in  Figure  4.  The  instrumentation  and  data  display  system 
conplies  in  the  main  with  the  requirements  of  SAE  J  211.  Sled  velocity  and  acceleration  are  monitored 
using  a  timing  gate  and  a  uniaxial  piezoresistive  accelerometer  respectively.  Dummy  head  and  chest 
accelerations  are  monitored  using  Endevco  triaxial  piezoresistive  accelerometers,  the  output  being 
displayed  on  an  SE  Labs  UV  recorder.  Sled  and  dummy  displacements  are  obtained  from  high  speed  films 
running  at  500  f.p.s.  and  an  eight  lens  polaroid  camera  provides  an  'instantaneouus'  assessment  of 
performance. 

TEST  PROQWfE 

simulat  ’d  frontal  impact  tests  were  conducted  from  ivpact  velocities  between  45  km/h  and  52  km/h  using  TNO 
Po  soUle  'three  year  old'  dummies  according  to  three  general  requirements,  BS  3254,  SCE  44  and  EfE  16. 
These  are  referred  to  as  Series  1,  2  and  3  respectively.  Care  was  taken  to  simulate  a  realistic 
installation  and  strap  configuration.  Tests  were  carried  out  uusing  either  the  seat  specified  in  ECE  44 
or  a  British  Leyland  'Metro'  seat.  The  anchorage  points  of  the  restraint  siiuulated  the  position  found 
with  the  Metro  front  seat  at  its  mid  position.  Kangol  dual  safe  lap  and  diagonal  belts  were  used.  Fcr 
comparison  purposes  tests  were  also  carried  out  using  an  'adult'  OPAT  dunruy  of  mass  75  kg. 

The  sled  was  decelerated  from  initial  velocities  of  between  45  km/h  and  52  km/h  uusing  either  aluminium 
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crumple  tubes  or  combinations  of  polyurethane  tubes  and  olives.  Thus  a  range  of  conditions  was 
investigated  which  included  the  specific  requirements  of  BS  3254  (Series  1),  ECE  44  (Series  2)  and  ECE  16 
(Series  3)  respectively.  (See  Figure  5.) 

Parameters  measured 

The  following  parameters  were  measured  or  derived: - 

(1)  Sled  velocity,  deceleration  and  stopping  distance. 

(2)  Durnny  head  and  chest  decelerations  in  the  X,  Y  and  Z  directions.  (See  Figure  6  for  resultants.) 

(3)  Dumny  excursion. 

The  measured  ranges  of  these  parameters  are  shown  in  Table  3. 

FIGURE  6.1  LAP  AND  DIAGONAL  BELT  -  DUNMY  HEAD  AND  CHEST  RESULTANT  DECELERATIONS 


10  20  30  40  50 

Sled  Deceleration  g 


FIGURE  6.2  LAP  BELT  ONLY  -  DIM4Y  HEAD  AND  QIEST  RESULTANT  DECELERATIONS 


40  50 

Sled  Deceleration  g 


10 


20 


30 


I 


29-8 

TABLE  3  MEASURED  RANGES  OF  PARAMETERS 

Lap  and  Diagonal  Belts  Lap  Belts  Only 

Series  1  Series  2  Series  3  Series  1  Series  2  Series  3 


Sled  velocity  (km/h) 

Sled  stopping  distance  (mm) 

Sled  deceleration  (g) 

Dummy: 

Resultant  head  deceleration  (g) 
Resultant  chest  deceleration  (g) 
Forward  movement  (mm) 

Head  contact 


44.9  - 

46.6 

47.2  - 

52.1 

46.0  - 

51.2 

44.9  - 

47.2 

49.  C 

i  -  51.2 

51.2 

599  - 

668 

550  - 

667 

469 

- 

502 

623  - 

639 

608 

-  740 

502 

14  - 

16 

19  - 

29 

26 

- 

33 

14  - 

15 

27 

-  43 

33 

34  - 

59 

70  - 

80 

90 

_ 

97 

125  - 

136 

84 

-  216 

180 

30  - 

37 

30  - 

45 

70 

- 

100 

35  - 

45 

61 

-  Ill 

85 

<  550 

<  550 

< 

550 

>550 

> 

550 

>550 

No 

No 

No 

Yes 

Yes 

Yes 

DISCUSSION  OF  RESULTS 

The  performance  of  the  systems  tested  have  been  evaluated  in  comparison  to  the  requirements  specified  for 
child  restraints  in  the  various  legislative  standards  for  the  age  range  of  9  months  to  4J  years.  Of  those 
requirements  forward  movement  is  probably  the  most  important.  Head  and  chest  decelerations  are  also 
clearly  of  great  interest  and  have  limits  specified  in  the  standards  but  the  biomechanical  justification 
for  those  limits  is  not  totally  clear.  ECE  44  specifies  a  limitation  of  550  im  forward  movement  (see 
Figure  7)  and  a  maximum  resultant  chest  deceleration  of  50  g.  This  550  ma  critical  dimension  coincides 
with  the  front  of  the  vehicle  seat  used  in  most  of  the  tests  described  (this  dimension  on  the  Metro  seat 
was  450  mm). 

Measurements  of  the  SRD£  in  a  range  of  current  production  vehicles  shewed  that  the  minimum  distance  between 
the  C  point  and  the  fascia,  with  the  front  passenger  seat  in  its  maximum  forward  position,  was  about  435  nm 
(see  Appendix  1) . 

FIGURE  7  FORWARD  MOVEMENT  LIMITATION  FOR  ECE  REGULATICNS  16  AND  44 


The  head  of  the 
dummy  must  stay 
within  DAB  during 
impact. 


Lap  and  Diagonal  configuration 

In  none  of  these  tests  did  the  dunny  excursion  exceed  550  mm  nor  was  there  any  head  contact.  The  range  of 
forward  movements  from  300  nm  to  434  urn  suggests  that  in  only  21  of  vehicles  a  child  could  suffer  a  head 
contact  with  the  fascia  when  restrained  in  the  front  passenger  seat  by  a  lap  and  diagonal  belt.  The 
minimum  excursion  measured  (300  m)  occurred  in  Series  1  and  the  maximum  excursion  (434  mm)  in  Series  3. 


Lap  Eelt  only  configuration 


In  all  the  lap  belt  only  tests  the  dunny  excursion  exceeded  the  critical  550  nn  with  a  minimum  excursion  of 
608  mm  and  a  maximun  of  860  nm;  in  addition  head  contact  occurred  in  each  case.  In  contrast  to  the  lap 
ani  diagonal  configuration,  head  contact  could  occur  in  861  of  vehicles  with  the  seat  in  its  maximun 
forward  position. 


Head  decelerations 


With  all  restraints  the  head  of  the  dunrny  rotates  around  the  lateral  Y  axis  and  hence  the  vertical  axis  of 
the  triaxial  accelerometer  tends  towards  becoming  parallel  with  the  ground  at  the  point  of  maximun  head 
excursion.  Hence  in  lap  and  diagonal  cases  where  a  specific  head  contact  does  not  occur,  the  value  of 
the  deceleration  along  the  Z  axis  of  the  accelerometer  tends  to  have  the  greatest  value. 

In  the  tests  were  the  dunny  was  restrained  by  the  lap  belt  alone,  head  contacts  with  the  seat  occurred  and 


* 

J 
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in  a  number  of  cases  a  very  high  value  of  deceleration  along  the  X  axis  of  the  herd  accelerometer  was 
obtained. 

Lap  and  Diagonal  configuration 

The  resultant  head  decelerations  varied  between  34  g  and  59  g  with  average  sled  decelerations  of  about 
15  g  (Series  1),  whilst  70  g  to  80  g  were  obtained  for  sled  decelerations  around  25  g  (Series  2)  and  90  g 
to  97  g  when  sled  decelerations  were  around  30  g  (Series  3).  Therefore,  the  head  decelerations  in  Series 
1  and  2  tests  were  of  the  same  order  as  those  reported  by  Roy  (1980)  for  child  seats,  whilst  those  for 
Series  3  tests  were  about  10  g  higher. 

Lap  Belt  only  configuration 

In  the  cases  where  a  lap  belt  was  used  to  restrain  the  dunmy,  very  high  head  resultant  decelerations  were 
obtained  because  of  head  contacts  with  the  seat.  The  highest  resultants  were  136  g  (Series  1),  216  g 

(Series  2)  and  180  g  (Series  3).  These  resultants  were  between  twe  and  three  times  higher  than  those 
reported  for  child  seats  (ibid). 

Chest  decelerations 

Lap  and  Diagonal  configuration 

For  the  dunmy  restrained  by  a  lap  and  diagonal  belt  in  test  Series  1  and  2,  the  chest  resultants  were  less 
than  50  g  and  the  decelerations  in  the  vertical  direction  less  than  30  g  which  are  the  maxima  specified  in 
ECE  44.  Hence  the  lap  and  diagonal  configuration  could  be  considered  to  comply  with  these  requirements 
of  ECE  44. 

Lap  Belt  only  configuration 

In  Series  2  tests  where  a  lap  belt  alone  was  used,  chest  resultants  of  61  g  to  111  g  were  obtained  and  the 
vertical  component  exceeded  30  g.  Thus  this  configuration  did  not  cc..ply  with  the  requirements  of  ECE  44. 

Neck  and  Abdominal  loading  by  straps 

Lap  and  Diagonal  configuration 

The  dunmy  was  fitted  with  a  plasticine  neck  collar  and  abdominal  insert.  For  Series  1  and  2  tests  no 

significant  deformation  occurred  in  either  neck  or  abdominal  simulations.  In  Series  3  tests,  however,  the 
diagonal  strap  penetrated  the  neck  of  the  dunmy.  (See  Figure  8) 

FIGURE  S  STRAP  PENETRATION  OF  NECK  DISCS  WHEN  SUBJECTED  TO  ECE  16  PULSE 


lap  Belt  only  CunfiKuration 

Again  although  there  was  no  evidence  ol  significant  deformation  in  the  Series  1  ,md  2  tests,  there  was 
substantial  deformation  jf  the  abdominal  inplant  in  Series  3  tests. 

Comparison  tests  using  the  OPAT  d'.rmy 

Comparison  tests  were  carried  out  using  the  ECE  lb  pulse  and  an  OPAT  adult  durmy  of  mass  75  kg,  using  a  lap 
and  diagonal  configuration.  In  none  of  the  tests  was  the  plasticine  neck  collar  damaged  or  deformed  by 
the  belt.  This  rs  n  line  with  field  experience  where  neck  injuries  due  to  utrap  loading  are  not 
significant. 

IMPLICATION  OF  CHILD  lOMf  CONSTRUCT!  ON  ON  PER  FORKING: 

There  has  treen  im*:h  discussion  over  tire  risk  of  neck  injury  to  children  using  adult  belts  although  actual 
accident  data,  so  far,  does  not  demonstrate  this  to  be  a  problem.  Tire  biofidelity  of  the  dumy  used  in 
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these  tests  is  clearly  not  at  all  exact,  in  particular  because  of  the  differences  in  chest  stiffness 
between  the  dummy  aid  real  children.  This  is  illustrated  in  the  tests  using  the  OPAT  dummy  which  has  a 
much  more  compliant  chest.  The  results  showed  that  the  more  the  chest  compresses  the  more  likely  is  the 
diagonal  belt  to  remain  on  the  shoulder  rather  than  load  the  neck. 

Neck  loading  only  occurred  in  the  test  series  where  the  sled  decelerations  were  well  above  those  which 
occur  in  actual  accidents  (Ventre  1975) .  Current  cars  decelerate  at  lower  levels  than  the  ECE  16  pulse 
and  th.is  the  performance  of  the  child  rfuimr/  under  these  extreme  conditions  probably  does  not  give  an 
accurate  insight  into  the  kinematics  of  real  children. 

The  second  aspect  of  the  TNO  dummy  is  the  abdominal  insert.  Again  there  is  no  direct  relationship 
established  between  deformation  of  the  insert  and  injuries  to  children.  The  United  States  for  many  years 
had  experience  of  both  adults  and  children  using  lap  belts  only  in  the  front  of  cars,  and  up  to  the  present 
time  lap  belts  are  the  normal  restraint  system  for  rear  seats. 

The  literature  indicates  that  in  actual  accidents  abdominal  injuries  only  occur  if  some  specific  factor  is 
present  to  compromise  correct  belt  function.  Such  factors  are  gross  obesity,  incorrect  belt  positioning, 
unusual  seat  cushion  characteristics  or  peculiar  crash  force  directions,  particularly  in  multiple  impacts 
and  rollovers.  Hence  doubt  must  be  expressed  over  the  interpretation  of  the  perfoimance  of  the  dumny  as 
far  as  its  abdomen  is  concerned,  Clearly  submarining  under  a  lap  belt  carries  a  risk  of  abdominal 
trauma  but  whether  the  dummy  actually  replicates  such  a  motion  of  an  actual  child  is  debatable. 

CONCLUSIONS 

Simulated  frontal  impact  tests  using  deceleration  unices  generally  in  accordance  with  the  requirements  of 
BS  3254  (Series  1),  ECE  44  (Series  2)  and  ECE  16  (Series  3)  and  using  a  three  year  old  TNO  50Ule  dumny, 
restrained  by  either  either  an  adult  lap  and  diagonal  belt  or  a  lap  belt  only  in  an  anchorage  configuration 
simulating  a  Leyland  Metro  front  passenger  seat  suggest 

Lap  and  Diagonal  Belt 

When  the  system  was  subjected  to  the  ECE  44  pulse  and  the  less  severe  pulse  applicable  to  BS  3254 : - 

(1)  The  forward  movement  and  resultant  chest  deceleration  comply  with  the  requirements  of  the 
child  restraint  standard  ECE  44. 

(2)  The  resultant  head  decelerations  are  of  the  same  order  as  those  reported  for  child  seat  belt 
systems  which  comply  with  BS  3254  under  the  same  test  conditions. 

(3)  The  plasticine  neck  collar  and  abdominal  implant  showed  no  evidence  of  significant  deformation 
or  any  significant  loading  by  the  straps  of  the  restraint  system. 

When  the  system  was  suhjected  to  the  more  severe  ECE  16  pulses:- 

(4)  The  resultant  chest  decelerations  were  of  the  order  of  10  g  highei  than  those  for  the  less 
severe  pulses. 

(5)  The  forward  movement  of  the  dumny  was  within  the  requirements  of  ECE  44,  and  it  is 
predicted  that  no  head  contact  would  occur  in  the  majority  of  accidents. 

(6)  The  shoulder  strap  penetrated  the  dumny  neck. 

(7)  The  abdominal  insert  showed  no  significant  deformation. 

(8)  Comparison  tests  using  an  adult  OPAT  dunmy  showed  no  similar  neck  loadings. 

Thus  the  lap  and  diagonal  belt  configuration  when  tested  according  to  the  two  pulses  applicable  in  the  II. K. 
to  child  restraint'  (BS  3254  and  Ed  44)  complied  with  the  forward  movement  and  chest  deceleration 
limitations  of  ECE  44. 

Lap  Belt  Only 

(1)  The  resultant  chest  decelerations  cere  greater  than  those  "eported  for  the  child  safety  seat 
and  the  adult  lap  and  diagonal  configuration  by  anoints  from  151  (Series  1  tests)  to  1.5  times 
(Series  3  tests). 

(2)  The  resultant  head  decelerations  were  greater  than  those  reported  for  child  seats  and  adult 
lap  and  diagoral  systems  by  a  factor  of  2. 

(3)  The  nwre  severe  Ed  16  pulse  (Series  3)  produced  major  deformation  of  the  plasticine  abdominal 
implant,  whilst  the  less  severe  Ed  44  (Series  2)  and  >S  3254  iSeries  1)  pulses  did  not. 

(4)  In  all  tests  the  dumy  forward  movement  was  in  excess  of  the  critical  550  mn,  varying  from  101 
in  the  Series  1  tests  up  tc  1.6  tires  for  ilie  Series  3  tests.  In  all  cases  head  contact 
occurred  with  the  lower  front  of  the  seat  or  the  sled  structure. 


Thus  the  lap  belt  only  configuration  when  tested  according  to  the  two  pulses  applicable  in  the  11. K.  for 
child  restraints  resulted  in  excessive  forward  movement,  well  outside  any  SRDE,  with  a  substantial  risk  of 
head  contact  in  86»  of  current  European  vehicles  when  the  front  passenger  seat  is  adjusted  to  its  maxinun 
forward  position.  in  addition  the  higher  Ed  16  pulse  when  applied  to  the  particular  child  duitny  used  in 
these  tests,  suggests  that  there  was  some  risk  of  abdominal  trauma,  but  because  of  reservations  about  the 
biofidelity  of  that  body  segnent  the  interpretation  of  that  information  is  debatable. 
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FIGURE  9  CUMULATIVE  FREQUENCY  -  DISTANCE  C,  C' 


APPENDIX  1 


The  distance  between  the  approximate  Cf  point  and  the  dashboard  in  the  front  seat 
passenger  space  was  measured  in  71  (1981)  cars.  The  results  are  shown  above. 

C  represents  the  distance  with  the  passenger  seat  adjusted  to  its  maximum  forward 
position,  C'  with  the  seat  adjusted  to  the  maximum  rearward  position. 

Measurement  was  to  t.  2\  ran  although  judgement  of  the  Cr  point  was  tot  10  nm. 
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DISCUSSION 

DR.  VONGIERKE  (USA) 

For  equal  crash/impact  deceleration,  is  there  a  higher  probability  of  abdominal  injury  from  lap  belts  in 
children  compared  to  adults?  What  do  the  accident  data  show? 


AUTHOR'S  REPLY 

The  injury  distribution  was  such  that  the  proportion  of  abdominal  injuires  in  the  field  sample  of  restrained 
children  was  2  to  4%  depending  on  the  type  of  restraint .  (Child  restraints  were  full  harnesses)  This  sample  was 
considered  to  be  reasonable  representative  in  terms  of  accident  severity  distribution.  Two  adult  samples 
that  I  have  found  in  the  literature  suggest  4-5%.  (Adult  restraints  were  lap  and  diagonals)  A  further  reference 
which  was  concerned  with  high-cnerg  y  accidents  suggested  6-7%.  Hence,  1  think  it  reasonable  to  conclude  from 
the  data  available  that  the  proportions  are  the  same  order  due  to  the  lap  belt  component  of  a  seat  belt  system.  1 
do  not  have  any  data  on  lap  belts  only ,  to  make  a  similar  comparison. 

DR.  WOLTRING  (NE) 


Would  you  care  to  comment  on  new  British  legislation  relative  to  mandatory  seat  belts  for  front  seat  children 
in  view  of  legislation  in  various  European  countries  forbidding  children  below  12  years  in  front  seats. 


AUTHOR'S  REPLY 


Personally ,  I  would  rather  prohibit  children  below  the  age  of  twelve  from  the  front  seats  of  cars  and  require 
that  they  be  restrained  in  the  rear.  However,  a  problem  occurs  if  one  has  four  children  in  most  cars,  or  if 
there  arc  no  suitable  restraints  in  the  rear.  Then  a  choice  has  to  be  made  between  unrestrained  in  the  rear  or 
restrained  in  the  front.  Our  paper  has  reported  cases  of  serious  and  fatal  injuries  to  unrestrained  children 
in  the  rear,  it  being  noted  that  some  of  the  children  were  ejected.  Further,  in  our  simulated  tests  which  represented 
severities  of  the  majority  of  accidents,  the  performance  of  the  "3  year  old"  dummy  in  lap  and  diagonal  belts  seemed 
reasonable.  Thus,  it  seems  reasonable  to  suggest  that  children  down  to  this  age  would  be  better  restrained  in  the 
front  than  unrestrained  in  the  rear.  I  think  we  must  await  more  field  evidence,  however  to  support  this  hypothesis. 

DR.  WOLTRING  (NE) 

To  what  extent  are  child  movements  in  frontal  collision  predominantly  planar,  in  view  of:  (1)  asymmetric 
shoulder  belts;  (2)  Falling  asleep  with  head  turned  sideways. and  what  is  the  influence  of  such  factors  on  the  neck 
injuries  referred  to  with  shoulder  belts  in  your  paper? 

AUTHOR'S  REPLY 

In  the  sled  tests  the  dummies  were  set  up  (when  restrained  in  lap  and  diagonal  belts)  so  that  prior  to  the  impact 
they  were  symmetrical  with  respect  to  the  sled  centre  line.  In  some  of  the  tests  the  motion  of  dummies'  heud  was 
asymmetric.  It  therefore  seems  a  reasonable  hypothesis,  that  if  the  dummy  had  been  set  up  with  the  head  initially 
on  one  side  to  simulate  a  sleeping  child ,  then  this  asymmetrical  excursion  would  have  been  accentuated .  In  one  of 
the  lap-belt -only  tests,  the  head  of  the  dummy  moved  side  ways  to  such  an  extent  that  it  struck  the  steel  support 
structure  of  the  scat  and  sustained  a  "simulated  skull  fracture"  of  about  4  cm  length. 
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VALIDATION  OF  A  BIODYNAMIC  INJURY  PREDICTION  MODEL  OF  THE  HEAD-SPINE  SYSTEM 
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SUMMARY 

This  paper  describes  nathenatical  models  of  the  human  and  baboon  head-spine  structures.  These 
models  consist  of  fully  three-dimensional  assemblages  of  rigid  bodies  and  deformable  elements,  for  which 
the  equations  of  motion  are  solved  using  a  lsrge  displacement,  small  deformation  dynamic  matrix 
structural  analysis  program.  A  validation  program  for  these  models  is  outlined  with  particular  emphasis 
on  the  refinement  and  validation  of  the  bsboon  head-spine  model.  Results  are  described  from  a  series  of 
drop  test  simulations  which  were  run  to  study  the  effects  of  variations  in  the  degree  of  spinal 
curvature  on  hesd-spine  system  dynamic  response. 

INTRODUCTION 

Interest  in  the  dynamic  responae  of  the  human  head-apine  structure  to  high  vertical  (+gz) 
accelerations  dstes  back  to  the  mid  1940s.  It  was  during  this  time  that  jet-powered  aircraft  began  to 
emerge  as  the  dominant  force  in  military  aviation.  The  relatively  large  increaae  in  the  airspeeds  of 
jet-powered  aircraft  over  the,  then  conventional,  prop  driven  planes  greatly  complicated  the  process  of 
occupant  escape  from  a  disabled  plane;  safely  clearing  the  components  of  the  plane  became  a  major 
problem.  This  brought  about  the  development  of  the  balistically  fired  ejection  seat  which,  since  the 
spine  is  the  primary  path  of  load  transmisaion  between  the  seat  and  tile  head,  eventually  leu  to  the 
question  of  human  head-spine  structure  tolerance  to  +gz  accelerations.  Performance  envelopes  of 
military  aircraft  have  increased  substantially  since  the  early  jets,  and  will  most  likely  continue  to  do 
ao,  with  the  result  that  crewmembers  of  these  aircraft  are  (and  will  be)  subjected  to  increasingly 
greater  and  more  complex  acceleration  environments.  The  need  to  be  able  to  predict  human  head-spine 
structure  dynamic  response  and  injury  likelihood  in  these  types  of  environments  has,  therefore, 
increased  and  will  continue  to  do  ao. 

Belytachko  et  al.  (1],  Belytschko  and  Privitzer  121,  |3]  ,  and  Privitzer  [4)  summarized  many  earlier 
studies  of  human  dynamic  response  to  +gz  impact  accelerations.  The  mathematical  models  used  in  these 
studies  were,  for  the  moat  part,  rather  simple  lumped  masa  approximations  of  the  head-spine  system 
limited  to  one-dimensional  motion  (i.e.  along  the  spinal  axis)  and  to  only  a  few  degrees  of  freedom. 
The  best  known  of  these  earlier  models,  the  DRI  (Dynamic  Response  Index)  Model,  a 
aingle-degree-of-freedom  approximation  of  the  human  head  and  torso  which  has  been,  to  some  degree, 
correlated  with  injury  data  and  drop  tower  tests,  is  the  analytical  tool  currently  used  to  represent  the 
occupant  in  the  design  of  emergency  escape  systems  for  military  aircraft. 

Unfortunately,  the  one-dimensional  nature  of  the  DRI  and  similar  models  renders  their  range  of 
applicability  extremely  limited.  Examples  of  situations  to  which  these  models  can  not  be  meaningfully 
applied  include:  head-spine  system  responses  in  multiple-g  environments;  situations  where  the  spinal 
flexural  response  is  significant;  interactions  between  the  head-spine  system  and  the  ejection  seat-back 
and  restraint  system;  etc.  The  needs  to  overcome  these  shortcomings  and  to  obtain  more  accurate  and 
encompassing  predictions  of  head-spine  dynamic  response  aud  injury  potential,  particularly  in  light  of 
increasingly  greater  emergency  eacape  system  performance  demands,  prompted  the  development  of  a 
considerably  more  sophisticated  mathematical  model  of  the  head-spine  structure,  the  Air  Force  Aerospace 
Medical  Reaearch  Laboratory’e  (AFAMRL)  Head-Spine  Model  ( HSM )  (|1),  [2!,  (3),  (4),  (5)).  The  HSM 
differs  from  previous  models  in  tbat  it  is  fully  discretized,  i.e.,  the  deformstion  and  inertial 
characteriatics  of  each  vertebral  level  are  represented;  the  structural  effects  of  the  rib-cage  and 
viscera-abdominal  wall  system  are  accounted  for;  interactions  between  the  HSM  and  the  ejection  seat  and 
tbe  restraint  system  are  accounted  for  and  the  governing  equations  are  fully  three-dimensional. 

Both  experimental  and  analytical  approaches  have  been  used  to  investigate  hiaan  body  tolerance  to 
+gz  impact  accelerations.  It  is  generally  accepted  that  neither  approach  will  stand  alone-  when  applied 
to  investigations  of  human  injury  levels  -  they  must  be  logically  combined  if  meaningful  results  are  to 
be  achieved.  The  initial  development  of  tbe  HSM  required  the  integration  of  sophisticated  mathematical 
formulations  of  <.be  governing  equations  with  experimental  measurements  of  material,  inertial  and 
geometric  properties  data  required  to  define  the  system.  The  refinement  and  validation  of  tbis  model, 
though  also  requiring  some  further  mathematical  formulations,  relies  heavily  on  experimental  work, 
specifically,  laboratory  tests  with  human  volunteers,  cadavers  and  nonbuman  primates  and  extensive 
measurements  of  material,  inertial  and  geometric  properties  data. 

Tbis  paper  describes  tbe  HSM  validation  program.  Particular  emphasis  is  placed  on  the  development, 
refinement  and  validation  of  a  model  of  tbe  baboon  (Papio  Anubis)  head-spine  structure,  the  BHSM.  Tbiu 
model  plays  a  very  important  role  in  tbe  validation  of  tbe  HSM. 
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MODEL  DESCRIPTION 

A.  The  Human  Head-Spine  Model  (HSM) 

The  HSM  has  been  described  extensively  in  [1],  [2],  [3],  [4]  and  [5],  hence  only  a  brief 
description  ia  given  here.  The  HSM  is  a  mathematical  repreaentation  of  the  human  body  (specifically  the 
torso  and  head)  consisting  of  a  fully  three-dimensional  system  of  rigid  bodies  interconnected  by 
deformable  elements.  The  rigid  bodies  represent  tbe  inertial  characteristics  of  the  head,  pelvia, 
sectiona  of  tbe  torao,  some  skeletal  componenta  (such  as  the  riba)  and  can  also  be  used  to  represent 
obstacles  external  to  the  model  (such  as  components  of  the  cockpit  environment).  Each  vertebrae  is 
defined  geometrically  by  a  set  of  13  points  and  is  contained  in  a  rigid  body  which  represents  the 
inertial  properties  of  a  section  or  a  portion  of  a  section  of  the  torso.  A  section  of  the  torso, 
corresponding  to  a  specific  vertebral  level,  is  defined  as  the  material  bounded  by  parallel  planes 
perpendicular  to  the  vertical  (Z)  axis  and  passing  through  the  center  of  the  inferior  and  superior 
intervertebral  discs  and  by  the  torso  vail  (Liu  and  Wickstrom  16]). 

The  rigid  bodies  interact  through  deformable  elements  (springs  and  beams)  which  represent  the 
various  connective  tissues:  the  intervertebral  discs,  the  spinal  ligaments,  the  articular  facets;  the 
viscoelastic  properties  of  the  viscera-abdominal  wall  system;  the  costovertebral  and  costotransverse 
joints,  the  interchondral  cartilage  and  intercostal  tissues  of  the  rib  cage. 

An  ejection  seat  is  defined  by  a  specified  number  of  planes.  Interactions  between  the  HSM  and 
the  ejection  seat  are  defined  by  a  nonlinear  viscoelastic  force-deformation  relationship.  The  HSM  can 
be  driven  through  the  ejection  seat  by  prescribing  the  motion  of  the  planes.  It  can  also  be  driven 
directly  by  prescribing  either  the  forces  on,  or  the  motion  of,  any  of  the  rigid  bodies’  mass  centers. 

A  restraint  system  can  be  defined  using  either  spring  elements  between  the  ejection  seat  and 
the  model  or  by  a  harness-torso  interaction  algorithm  used  for  occupant  retraction  simulations.  A  new, 
considerably  more  general  restraint  system  mode,  will  be  implemented  in  the  near  future.  This  model 
will  account  for  loss  of  contact  betveen  the  belts  and  the  torso,  and  sliding  of  the  belts  along  the 
torso. 


The  governing  equations  for  the  motions  of  the  rigid  bodies  and  the  loadings  developed  in  the 
deformable  elements  which  make  up  the  HSM  are  solved  using  a  matrix  structural  dynamics  analysis 
program.  This  program  is  based  on  a  large-displacement,  small-strain  formulation  which  uses  a 
rigid-convected  or  corotational  treatment  of  the  deformable  elements  to  decompose  the  element  nodal 
displacements  into  rigid  body  and  deformation  components  (Belytschko  and  Hsieh  [7]).  Three  solution 
schemes  are  available  for  solving  the  equations  of  motion  for  the  displacements,  velocities  and 
accelerations  of  the  rigid  bodies.  The  first  two  are  explicit  and  implicit  integration  schemes  which 
correspond  to  the  Nevmark-B  numerical  temporal  integration  formulas  with  9  ■*  0  and  1/4  respectively 
(Newmark  [8]).  The  third  is  a  modal  analysis  approach  which  uses  a  standard  linear  eigenvalue  routine 
to  obtain  the  eigenvalues  (squares  of  the  natural  frequencies)  and  eigenvectors  (natural  vibration 
modes)  of  the  system. 

The  HSM  has  an  injury  prediction  postprocessor  which  determines  the  likelihood  of  spinal  injury 
at  each  vertebral  level  due  to  combined  axial  compression  and  bending  loads  computed  during  a 
simulation.  The  failure  criteria  currently  used  are  the  axial  compression  (for  pure  compression)  and 
bending  moments  (for  pure  A-P  or  lateral  bending)  which  would  result  in  the  exceeding  of  the 
experimentally  determined  cortical  shell  compressive  yield  stress  at  each  vertebral  level  of  the 
thoracolumbar  spine.  In  developing  these  failure  criteria,  tbe  vertebral  bodies  were  treated  as 
elliptical  cylinders  with  inner  cores  consisting  of  cancellous  bone  and  .3  mm  thick  outer  shells 
consisting  of  cortical  bone.  Although  this  approach  appears  to  be  reasonable,  we  are  currently 
conducting  an  inveatit  tion,  involving  finite-element  analyses  of  vertebral  bodies,  to  gain  better 
inaight  into  the  effects  of  geometric  and  material  property  variations  on  vertebral  body  stress 
distributions.  Based  on  these  studies,  we  also  hope  to  formulate  a  relationship(s)  between  stress 
distributions  resulting  from  specified  three-dimensional  rndplate  loadings  and  observed  vertebral  body 
failuts  patterns.  The  results  of  this  study  will  be  incorporated  into  the  HSM  injury  prediction 
capability. 

The  HSM  data  baae  conaiats  primarily  of  the  material  property  data  describing  tbe  deformation 
characteristics  of  the  deformable  elements;  the  geometric  and  inertial  distribution  data  describing  the 
rigid  bodies;  connectivity  date  which  aligns  the  sppropriate  deformable  elements  and  rigid  bodies;  and 
the  data  which  defines  tbe  external  environment  -  the  ejection  seat,  restraint  system  and  specified 
force  or  motion  excitation. 

Figure  1  depicts  the  sagittal  plane  (right  side)  and  frontal  plane  (from  the  back)  views  of  the 
HSM.  Shown  are  the  rigid  bodiea  uaed  to  model  the  head,  pelvis,  ribs  snd  sternum,  and  tbe  specified 
geometries  of  the  cervical  (C2  thiough  C7),  thoracic  (T1  through  T12)  and  lumbar  (LI  through  L5) 
vertebrae.  Mot  shown  but  present  within  the  model  are:  (1)  the  deforuable  elements  representing  the 
connective  tissues  such  as  ligaments  as  well  as  the  deformation  characteristics  of  motion  segments 
C2-C3,  C3-C4,  ...  L4-L5  and  L5-S1  (amotion  segment  consists  of  an  intervertebral  disc  plus  half  of  the 
inferior  and  superior  vertebral  bodiea);  (2)  the  rigid  bodies  representing  tbe  inertial  effects  of 
sections  of  the  torso;  (3)  the  ejection  seat  and  restraint  aystem.  The  configuration  shown  in  Figure  1 
is  representative  of  tbe  geometry  of  the  head-spine-pelvis  structure  in  a  seated-upi ight  adult  male. 
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Figure  1  shove  the  HSM  in  its  most  complete  form.  Simulations  are  often  run  in  which  the 
detailed  responses  of  certain  components  or  subsystems  of  the  model  are  not  of  primary  interest.  For 
these  cases,  the  option  exists  to  replace  the  detailed  models  of  these  subsystems  with  equivalent 
simplified  representations  having  similar  overall  deformation  and  inertial  characteristics.  Any 
subsystem  can  be  replaced  with  the  result  that  the  number  of  degrees  of  freedom  ranges  from  300  [50 
primary  nodes  (rigid  body  mass  centers)  times  (3  translations  +  3  rotations)  per  node]  for  the  complete 
model  plus  ejection  seat  to  60  for  the  most  simplified  HSM  plus  ejection  seat  -  a  considerable  reduction 
in  computational  effort.  The  version  of  the  HSM  which  we  currently  use  most  frequently  consists  of 
rigid  bodies  representing  tbe  head  and  pelvis;  a  single  beam  element  representing  the  cervical  spine;  a 
fully  discretized  representation  of  the  thoracolumbar  spine;  and  an  additional  column  of  nonlinear  beam 
elements  representing  the  secondary  loading  path  along  the  viscera-abdominal  wall-diaphragm-rib-cage 
system.  This  model  plus  the  ejection  seat  has  126  degrees  of  freedom. 

B.  The  Baboon  Head-Spine  Model  (BHSM) 

The  BHSM  is  shown  in  Figure  2.  The  basic  construction  of  this  model  is  similar  to  that  of  the 
HSM,  i.e.  a  system  of  rigid  bodies  connected  by  deformable  elements.  The  BHSM  consists  of  rigid  bodies 
representing  the  head;  torso  segments  corresponding  to  vertebral  levels  T1  through  T12  and  LI  through 
L7 ;  the  pelvis;  s  single  deformable  element  representing  the  neck;  beams  representing  the  T1-T2,  T2-T3 , 
...  ,  L6-L7,  L7-S)  motion  segment  stiffnesses,  and  a  column  of  nonlinear  beam  elements  representing  the 
secondary  loading  path  along  tbe  viscera-abdominal  wall-diaphragm-rib-cage  system.  As  for  the  HSM 
depicted  in  Figure  1,  the  deformable  elements  of  the  BHSM  are  not  shovn  in  Figure  2.  The  BHSM  has  126 
degrees  of  freedom. 

Belytschko  and  Frivitzer  [2]  developed  the  preliminary  model  of  the  baboon  head-spine 
structure.  They  had  very  little  pertinent  data  to  work  with,  hence  they  proceeded  to  develop  just  the 
basic  model  structure,  anticipating  that  necessary  material,  inertial  and  geometric  property  data  would 
be  incorporated  into  the  model  as  they  became  available.  The  model  shovn  in  Figure  2,  although  a 
refined  version  of  the  preliminary  model,  is  still  based  on  a  large  number  of  extrapolations  and 
approximations.  Further  refinements  will  be  made  as  additional  data  become  available.  The  following 
paragraphs  summarize  the  procedures  used  to  develop  the  present  BHSM  data  base. 

Geometry:  The  BHSM  configuration  depicted  in  Figure  2  is  based  on  a  lateral  radiograph  of  a 
25-kg  adult  male  baboon  seated  upright  (tightly  restrained)  in  a  vertical  drop  test  vehicle.  The 
dimensions  of  the  vertebrae  and  pelvis  were  obtained  from  the  same  plus  similar  radiographs.  The  head 
geometry  is  based  on  data  measured  by  Reynolds  [9]  plus  measurements,  taken  by  the  authors,  of  an  adult 
male  baboon  skull. 

Tnertial  Distribution:  The  BHSM  mass  distribution  is  based  on  torso  dimensions  obtained  from 
the  above-mentioned  radiographs,  direct  measurements  of  the  25-kg  adult  male  baboon  (heavily  sedated) 
plus  data  obtained  by  Reynolds,  who  measured  the  inertial  properties  of  anatomical  segments  of  four 
frozen  cadaver  baboons.  The  mass,  mass  center  and  principal  moments  of  inertia  at  each  vertebral  level 
were  calculated  by  sectioning  the  torso  (having  uverall  dimensions  assumed  to  correspond  to  those  of  a 
typical  25-kg  adult  male)  into  discrete  segments  with  the  number  of  segments  equal  to  the  number  of 
vertebral  levels  in  the  model  (19).  Each  torso  segment  is  defined  as  the  material  contained  in  an 
elliptical  cylinder  having  a  height  equal  to  the  distance  between  the  midpoints  of  the  inferior  and 
superior  intervertebral  discs  of  tbe  contained  vertebra  and  major  and  minor  diameters  consistent  with 
the  overall  torso  dimensions.  A  density  of  1  gm/cm^  vas  assumed.  The  head  mass,  mass  center  and 
principal  moments  of  inertia  were  based  on  Reynolds'  data  but  were  scaled  up  to  correspond  to  a  25-kg 
adult  male  baboon. 


Stiffness  Data:  Motion  segment  axial  stiffnesses  are  based  on  motion  segment  compression  load 
deformation  curves  obtained  by  Kazarian  [10],  Mo  bending  or  torsional  stiffness  data  were  available, 
hence  these  were  calculated  by  assuming  that  the  ratio  of  bending  or  torsional  stiffness  to  axial 
stiffness  for  baboons  was  proportional  to  that  for  b'wans,  resulting  in  the  equation 


(1) 


where  the  subscripts  a,  b  and  t  stand  for  axial,  bending  and  torsion,  respectively;  the  subscripts  B  and 
H  stand  for  baboon  and  human;  k  stands  for  stiffness  and  C,  the  proportionality  constant.  Cq,  for 
bending  and  torsion,  were  determined  by  substituting  the  appropriate  expressions  for  the  stiffnesses  in 
(1),  yielding  for  bending  and  torsion  respectively, 


(ei/lI  _ 

f  ei/l) 

Iea7l]  cb 

1  *8 

1  H 

(cm)  c  . 
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'  •  B 

'  t  H 

Simplifying  equations  (2)  and  solving  for  C),  and  Ct  results  in 


C 


b 


/  J/A  \ 

/ 2 ( l+v)l 

l  J/A  1 

and 


(3) 
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where  A,  I  and  J  are  the  cross-sect ional  area  and  the  rectangular  and  polar  area  moments  of  inertia 
respectively  and  V  is  the  effective  Poisson's  ratio.  To  further  simplify  (3),  it  was  assumed  that  V  is 
the  same  for  hahoon  and  human  motion  segments,  and  that  a  typical  bahoon  or  human  motion  segment  could 
be  geometrically  approximated  as  a  circular  cylinder  with  equivalent  radius  R.  Equations  (3)  therefore 
yield 


C 


h 


(A) 


Substitution  of  this  result  into  (1)  and  solving  for  (ka)]j  yields 


H 


(5) 


The  BHSM  geometric,  inertial  and  stiffness  data  are  summarized  in  Tables  1  and  2.  Note  that 
the  assumption  that  the  effective  Poisson's  ratios  for  human  and  hahoon  motion  segments  are  identical, 
although  at  first  glance  seemingly  reasonable  -  i.e.  because  the  geometries  and  materials  are  quite 
similar  -  may  not  he  all  that  good.  Comparisons  of  radiographs  of  human  and  baboon  spines  have 
demonstrated  a  significant  difference  in  vertebral  trebeculae  orientation  [11).  In  human  vertebrae,  the 
meen  trabeculae  orientation  is  parallel  to  the  vertical  axis  (inferior-superior),  in  haboons  it  iB 
perpendicular  to  this  axis  (enterior-posterior) .  Kean  trabeculae  onentetion  corresponds  to  the  axis  of 
greetest  stiffness,  hence  the  ratio  of  axial  compression  to  laterel  extension  (i.e.  the  effective 
Poisson's  retio)  for  human  and  baboon  motion  segments  may  significantly  differ.  An  investigation  of  the 
effects  of  differences  in  meen  trabeculae  orientation  on  human  and  baboon  motion  segment  behavior  es 
well  es  the  overall  spinal  load  transmission  properties  could  he  quite  interesting. 

HSH  VALIDATION  PROGRAM 

The  HSM,  once  velidated  for  en  appropriate  renge  of  epplications,  will  be  used  to  develop  design 
criterie  for  militery  eircreft  emergency  escepe  systems  end  other  impect-inducing  systems.  The 
refinement  end  validation  of  the  HSM  involves  laboratory  tests  with  human  volunteers,  cadavers,  nonhuman 
primates  ( specif icel ly ,  beboons  (Papio  Anuhis)),  eveluetion  of  operetionel  accident  data  and  an 
extensive  emount  of  materiel,  inertial  and  geometric  properties  date  acquisition. 

Deta  obteined  from  low-level  laboratory  tests  with  human  volunteers  can  be  used  for  direct 
comparison  to  model  predictions  from  simulations  of  such  experiments.  These  tests  consist  of  impect 
experiments  (e.g.  drop  tower,  sled  runs)  vihration  experiments  (e.g.  impedence  tests)  end  eny  other 
appropriate  experiments  such  es  leboretory  retrection  simulations.  A  numher  of  these  types  of  HSM 
simuletione  have  been  run  and  reasonable  qualitative  end  quentitetive  egreement  between  HSM  predictions 
end  experimental  observations  hes  been  ohserved  ([1],  [2],  [3]  end  [4]).  Unfortunately,  the  low-level 
experiments  which  heve  been  simuleted  to  this  point  were  not  run  for  the  purpose  of  meesuring  parameters 
to  be  used  in  model  velidetion.  As  e  result,  eny  one  experiment  has  supplied  only  a  minimal  emount  of 
useful  date.  It  is  enticipated  thet  better  communi ce t ion  between  the  model  developers  end 
experimentalists  will  improve  this  situation. 

Although  simuletions  of  low-level  laboretory  tests  ere  necessery  to  establish  the  velidity  of  the 
HSM  in  noninjury  epplicetions,  the  primary  reeson  for  the  development  of  the  HSM  is  to  predict  human 
body  dynamic  response  end  injury  potential  in  high-level  (injury  threshold  end  ebove)  mechenicel 
envirotments.  To  velidate  the  HSM  for  high-level  epplications  requires  measured  high-level  responses. 
The  extrepolet ion  of  humen  dynamic  responses  involving  injury  from  either  low-level  testing  with  human 
volunteers  or  high-level  testing  with  cadavers  is  severely  limited  in  its  velidity.  Mejor  limiting 
fectors  include  the  highly  nonlineer  behevior  exhibited  by  the  humen  body  in  the  first  cese,  and 
differences  in  tissue  mechenicel  properties  and  muscle  tone  between  humans  end  cadevers  in  the  second. 
Operetional  eccident  reports  ere  en  obvious  source  of  injury-level  humen  response  dete.  However, 
eoalyses  of  these  reports  hes,  up  to  this  point,  yielded  little  useful  inforution.  Another  source  of 
injury-level  deta  are  high-level  leboratory  tests  with  nonbuman  primates.  The  inference  of  injury 
mvirocment  human  dynami:  response  data  from  observed  injury  responses  of  nonbuman  primates  is  not  en 
uncommon  prectice  in  biodynamic  research.  The  apparent  enatomicel  similarities  between  humans  and 
nonhumen  primates  seem  to  justify  this  to  e  certein  point.  However,  it  cun  shown  thet  those 
enatomical  differences  vhich  do  exist  between  humans  end  nonhuman  primates  ere  significant  to  the  point 
that  the  direct  scaling  if  injury  environment  responses  of  nor.bumen  primates  to  humens  hes  limited 
velidity  [12]. 

The  requirement  fo'  e  direct  approach  to  model  velidetion  for  injury-level  enviroimencs  prompted 
the  development  of  the  be >oon  head-spine  model  (1HSM).  Observed  responses  from  injury-level  baboon  drop 
tests  can  be  directly  i jmpared  to  1HSM  predictions  from  simulations  of  these  tests.  The  obvious 
question  -.ihich  comes  to  m  nd  is  that,  "Tea  indeed,  this  may  result  in  the  direct  injury-level  velidetion 
of  the  BHSM,  but  what  clout  the  HSM?’  The  HSM  and  BHSM  are  besed  upon  ’be  seme  e.odeling  concepts,  i.e. 
the  formulation  ot  the  governing  equations,  the  numaricel  integration  schemes,  end  the  types  of  dete  and 
meesuring  techniques  which  define  the  date  base  are  identical  for  both  models.  Renee,  injury-level 
velidetion  of  the  BHSM  validates  the  ISM  modeling  concepts  for  injury-level  epplications.  In  eddition, 
eppropnate  comparisons  of  HSM  and  BISM  predictions  can  provide  much  needed  insight  into  the 
relationship*  between  human  and  nonhuman  primate  dynamic  response  seebenisms,  and  hence  into  use  of 
nonhuman  primates  as  surrogates  for  humans  in  injury  environsent  testing. 
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TABLE  1.  BHSM  GEOMETRIC  AND  INERTIA!  DATA 


Level 

Mass  Center^^*^2^ 
Coordinates  (cm) 

Mass^) 

Moments  of  Inertia 

(4) 

Y 

z 

m 

h 

Pelvis 

-0.1 

3.45 

61.5365 

23.3629 

26.6074 

11.3813 

L7 

0.74 

1.885 

5.8877 

0.6118 

1.1276 

1.6112 

L6 

-0.18 

5.44 

6.1445 

0.7132 

1.1740 

1.7589 

L5 

-0.83 

l  .89 

6.0455 

0.7642 

1.1470 

1.8011 

L4 

-1.47 

12.14 

6  3560 

0.9249 

1.2029 

2.0182 

L3 

-1.905 

15.32 

6.6737 

1.1221 

1  .2597 

2.2732 

L2 

-2.37 

18.39 

fa . 7742 

1.2465 

1  .2751 

2.4186 

LI 

-3.09 

21.19 

5.9706 

1 .1626 

1.1113 

2.2082 

T12 

-3.63 

23.73 

5.9677 

1.2131 

1.1093 

2.2597 

Til 

-4.40 

26.22 

6.0144 

1.2892 

1.1167 

2.3452 

T10 

-5.02 

28.65 

5.9992 

1.3538 

1.1122 

2.40  88 

T9 

-5.535 

30.66 

4.1668 

0 . 9300 

0.7622 

1.6731 

T8 

-5.93 

32.27 

3.8605 

0.8161 

0.7053 

1.5053 

T7 

-6.51 

33.86 

3.7972 

0.7768 

0.6938 

1.4548 

T6 

-6.93 

35.50 

3.9041 

0.7313 

0.7146 

1.4270 

T5 

-7.17 

37.12 

3.3046 

0.5685 

0.6031 

1.1592 

T4 

-7.32 

38.63 

3.1947 

0.4983 

0.5832 

1.0692 

T3 

-7.35 

40.165 

5.7004 

0.3998 

0.5473 

0.9351 

T2 

-7.29 

41.72 

5.4429 

0.3190 

0.5229 

0.8428 

T1 

-7.18 

43.34 

4.9342 

0.2316 

0.4744 

0.6943 

Head 

-10.91 

52.13 

19.4000 

6.5414 

2.8263 

6.5414 

<i>  x, 

Y  and  Z  are 

positive  to 

the  left,  rear 

and  up, 

respectively. 

(2)  All  miss  centers'  X  coordinates  ire  0. 


(3)  Grsms  a  102. 

Grams  -  Cffl2  *  io4. 


TABLE  2.  BKSM  STIFFNESS  DATA 


Motion 

Segment 

Axial(1) 

St  iff ness 

Bending^ 
St iffness 

Torsional'®^ 

Stiffness 

Shear(4) 

Deformation 

Parameter 

Neck 

0.25 

0.49 

0.38 

0.08 

T1-T2 

1.95 

3.82 

2.96 

0.52 

T2-I3 

2.22 

4.35 

3.37 

0.51 

T3-T4 

2.47 

<  84 

3.75 

0.50 

T4-T5 

2.67 

5.23 

4.06 

0.54 

T5-T6 

2.87 

5.62 

4.36 

0.57 

T6-T7 

3.06 

6.04 

4.68 

0.55 

T7-T8 

3.25 

6.37 

4.94 

0.53 

T8-T9 

3.44 

6.74 

5.23 

0.47 

T9-T10 

3.58 

7.02 

5  .04 

0.41 

T10-T11 

3.77 

7.39 

5.73 

0.33 

T11-T12 

3.91 

7.66 

5.94 

0.26 

T12-L1 

3.93 

7.70 

5.97 

0.22 

L1-L2 

3.96 

7.76 

6.02 

0.18 

L2-L3 

3.91 

7.66 

5.94 

0.11 

L3-L4 

3.87 

7.59 

5.88 

0.12 

L4-L5 

3.83 

7.51 

5.82 

0.12 

L5-L6 

3.82 

7.49 

5.81 

0.11 

L6-L7 

3.76 

7.37 

5.72 

0.10 

L7-S1 

3.51 

6.88 

5.33 

0.10 

1  D  Dynes  a 

10® 

<2)  Dyne-cm 

a  10® ;  A-F  and  lateral  bending  stiffnesses 

are  currently 

the  s 

ame. 

Dyne-cm 

a  108 

(4)  The  shear  deformation 

parameters 

are  combined  with 

the  bending 

stiffnesses  because 

shear  effects  during  motion 

segment  bending 

are  not  negligible. 
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SIMULATION  RESULTS 

Figure  3  depicts  BHSM  configurations  at  times  0,  10,  20  and  30  msec  for  a  preliminary  drop  test 
simulation.  This  run  was  not  made  to  simulate  any  specific  haboon  drop,  rather  its  purpose  was  to 
determine  if  the  model  hebaved  realistically  for  the  prescribed  input.  An  approximately  trapezoidal 
accelerstion  profile  having  a  rise  time  of  4.3  msec,  a  constant  magnitude  of  +30  gz  for  8.4  msec  and  a 
drop  off  (to  zero)  time  of  3.6  msec  for  a  total  duration  of  16.3  msec  was  prescribed  to  act  on  the 
seathsek.  Ideally,  this  same  profile  would  have  heen  prescribed  at  the  seat  pan  also.  At  present, 
however,  the  highly  nonlinear  deformation  characteristics  of  the  material  (primarily  the  huttocks)  which 
would  transmit  the  seat  pan  ecceleration  to  the  pelvis  are  not  well  defined. 

The  option  of  prescribing  either  the  given  acceleration  on  tbe  pelvis  diractly  (which  would  roughly 
correspond  to  the  instantaneous  "hottoming-out"  of  tbe  buttocks)  or  tbat  of  specifying  a  vertical  forca 
time  history  on  the  pelvis  were  studied  through  a  number  of  similar  preliminary  simulations.  The  force 
time  history  wss  scaled  down  from  a  force  profila  measured  using  load  cells  in  the  seat  pan  during  sn 
sctusl  70  gz  hahoon  drop.  It  was  found  that  when  the  nonlineer  viscoelastic  effects  of  the  buttocks 
were  ignored  hy  prescribing  tbe  acceleration  of  the  pelvis  directly,  the  computed  spinel  motion  and 
force  responses,  particularly  in  the  vicinity  of  the  pelvis,  were  considerably  more  severe  (as  well  as 
somewhat  unreelistic)  then  when  tbe  force  time  history  was  prescribed.  Based  on  these  results,  it  was 
decided  tbat  all  such  simulations  would  subsequently  employ  e  prescribed  vertical  forca  time  history  on 
tbe  pelvis  until  a  suitehle  representation  of  the  deformation  characteristics  of  the  buttocks  is 
included  in  tba  BHSM.  Although  no  ectual  30  gz  baboon  drop  test  results  were  evailahle  for  comparison, 
the  computed  motion  and  force  time  histories  and  the  BHSM  configurations  shown  in  Figure  3  ere  felt  to 
be  reasonable  for  the  prescribed  input. 

Figure  4  shows  BHSM  conf iguretions  at  times  0,  10,  20  end  30  msec  from  e  simulation  of  e  70  gz,  13 
msec  behoon  drop  test.  Approximations  to  the  verticel  acceleretion  profile  of  the  drop  vehicle  and  the 
measured  seet-pen  force  time  bistory  were  prescribed  at  the  saathack  end  pelvis,  respectively.  No 
restreint  system  wes  defined  for  this  simuletion  (nor  in  the  simulation  previously  described  nor  for 
those  to  he  described  helow).  It  was  felt  that  no  significent  loeding  into  the  restreint  system  would 
occur  during  the  time  duretion  which  was  considered  (30  msec). 

Table  3  compares  peak  resultant  accelaretions  at  the  head  (measured  with  e  rigidly  mounted  triexial 
eccelerometer)  and  vertehrel  lavels  LI  and  L7  (measured  with  implented  triexial  accelerometers)  meesured 
during  the  drop  to  the  corresponding  eccelerations  as  predicted  by  the  BHSM.  The  meesurad  values  appear 
to  ba  somewhat  high,  but  since  some  dynamic  overshoot  (exceeding  of  the  peek  input  velues)  is  to  be 
expected  in  an  underdamped  system,  they  may  be  consistent  with  the  drop  vehicle  acceleretion  profile. 
By  the  same  reasoning,  the  BHSM  values  eppear  to  be  somewhat  low.  This  was  actually  not  an 
unanticipated  result,  since  it  was  felt  that  the  overall  stiffness  of  the  torso  might  be  too  low  due  to 
the  difficulty  in  eccurately  accounting  for  the  nonlineer  stiffening  effects  of  the  rib-cege  and 
viscera-abdominal  wall  systems.  Assuming  thet  the  BHSM  motion  sagment  stiffness  decs  srs  reasonable,  e 
low  overall  torso  stiffness  would  result  in  lowar  than  expected  axially  trensiaittad  loeds  and 
ecceleretions ,  end  increased  benaing  responses.  This  is  apperent  in  tha  model  conf  iguretions  shown  in 
Figure  4,  particularly  in  the  neck/upper  thoracic  and  lower  thorecic/upper  lumbar  regions.  A  more 
adequete  representetion  of  the  stiffening  effects  of  the  rib-cage  end  viscere-ebdominal  well  systems  es 
well  es  en  improved  model  of  the  cervical  spine  ere  currently  being  addressed. 

TABLE  3.  Dior  TEST  AND  BHSM  FEAR  ACCELERATION  COMPARISONS 


Locetion 

Feek  Resultent 

Acceleretion  i 

Drop  Test 

BHSM 

Heed 

79 

33 

LI 

110 

75 

L7 

122 

72 

A  number  of  BHSM  perameter  studies  heve  been  run  to  determine  tbe  effects  of  verietions  in 
specified  perameters  on  model  response  predictions.  One  of  these  considered  the  effects  of  verietions 
in  the  degree  of  eplnal  curvature.  This  s'.udy  wes  motivated  by  the  observetion  thet  the  initial  (prior 
to  impact)  spinal  configuration  of  the  suhject  is  very  difficult  to  duplicate  from  drop  to  drop  even  for 
the  same  subject.  Three  initial  spinal  configuretions,  depicted  in  Figure  3,  were  considered.  The 
Haormel  spine"  is  the  configuration  which  wes  used  in  the  previously  described  simuletions.  The  "curved 
spine"  conf iguret ion  wes  eebieved  hy  epproximetely  doubling  the  curvatures  of  the  normel  spine  end 
roughly  corresponds  to  a  loosely  restreined  pra-impact  spinal  configuration.  Since  the  normel  spine 
configuration  is  hesed  on  radiogrepbs  of  e  tightly  restrained  seeted  upright  baboon,  it  is  rether 
doubtful  that  tbe  "streigbt  spine"  conf iguret ion,  ohteined  by  simply  "straightening"  the  normal  spine, 
could  be  attained  by  e  baboon  seated  upright  in  s  drop  vehicle.  The  straight  spine  configuration  wes, 
nonetheless,  included  for  completeness. 

Tshle  4  compares  pack  BHSM  exial  compressive  forces  end  A-F  hending  moments  for  three  drop  test 
simuletions  using  the  streight,  normal  and  curved  initiel  spinal  configuretions.  The  30-msec  model 
responses  for  these  threa  configurations  are  shown  in  Figure  i.  The  prescribed  seathack  acceleretion 
end  pelvis  force  profiles  were  as  described  previously.  These  results  demonstrate  tbat  1)  peak  axial 
compressive  forcas  decrease  with  increasing  spinal  curvature;  2)  peak  A-F  bending  moments  generally 
increase  with  increasing  spinal  curvature;  3)  significantly  different  responses  can  occur  among  what  may 
appear  to  he  nearly  identical  drops,  with  regard  to  drop  parameters,  animal  siza,  end  mass  distribution, 
if  care  is  not  taken  to  minimiae  differences  in  the  pre-impact  spinal  configurations  of  the  subjects. 
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TABLE  4.  PEAK  LOADS  FOR  BHSM  SPINAL  CURVATURE  VARIATION  EFFECTS  STUDY 


Vertebral 

Level^l' 

Axial 

Straight 

Compression^) 

Normal  Curved 

A-P  Bending^) 
Straight  Normal 

Curved 

Neck 

8.23 

5.10 

3.23 

14.2 

12.6 

5.54 

T2 

16.4 

14.0 

7.50 

22.1 

27  .1 

9.07 

T3 

19.3 

17.1 

9.82 

20.9 

30.7 

14.3 

T4 

21.5 

20.5 

11.9 

13.1 

17.4 

13.7 

T5 

24.2 

23.0 

15.4 

17  .9 

4.33 

16.0 

T6 

27.5 

25.4 

18.4 

18.2 

4.67 

23.8 

T7 

30.5 

27.3 

22.2 

3.72 

9.06 

28.2 

T8 

33.4 

30.2 

24.1 

7  .10 

11.0 

31.6 

T9 

36.4 

31.2 

24.6 

7.59 

7  .04 

30.3 

T10 

40.4 

35.3 

26.6 

4.99 

6.48 

11.2 

Til 

44.1 

38.0 

25.6 

1.99 

12.0 

20.9 

T12 

47.7 

41.0 

26.5 

1.24 

17  .3 

45.1 

L2 

55.0 

46.2 

24.7 

0.937 

29.8 

11.5 

L4 

61 .7 

53.5 

35.2 

0.871 

18.4 

22.9 

L6 

66.7 

58.6 

54.7 

3.84 

29.8 

39.9 

L7 

68.9 

62.4 

52.7 

6.65 

33.6 

67.7 

Refers  to 

inferior  inte. 

'ertebrel 

disc. 

^2)  Time  histories  were  not 

output  for 

levels  Tl, 

i  LI ,  L3  end  L5 . 

^3)  Dynes  *  10^ 


Dyne-cm  X  10^ 


So  es  not  to  lose  sight  of  our  final  goal,  the  velidation  of  tha  human  heed-spine  model  (HSM),  we 
heve  included  Figure  7  which  depicts  HSH  configurations  et  time  -  0,  40,  60  and  80  msac  from  e 
simuletion  of  e  hypothetical  human  drop  test.  An  ecceleration  profile  heving  e  rise  time  of  14  msac  end 
a  constent  magnitude  of  10  g  for  66  msec  for  a  total  duration  of  80  msec  was  specified  to  ect  at  the 
seetback  eod  diractly  on  tne  pelvis.  The  results  appeer  to  he  both  quelitetiveiy  end  quentitetively 
reasonable. 

Similar  drop  test  simulations  with  the  HSM  end  BHSM  heve  not  yet  been  run.  The  results  shown  in 
Figures  3  and  4  for  tha  BHSM  end  in  Figura  7  for  the  HSM  nonetheless  provide  e  significant  preliminary 
indication  of  disparities  in  the  response  of  these  two  models.  These  disparities  sriss  meinly  from 
differences  in  heed  ness  center  locations  (approximately  diractly  ehove  the  neck  insertion  point  in  ths 
HSM  snd  approximately  6  cm  forward  of  the  neck  insertion  point  in  the  BHSM)  end  differences  in  the 
pre-impact  spinal  curvatures.  The  significance  of  these  differences  in  the  models'  geometries  (es  well 
es  the  actual  geometries  of  the  human  end  heboon  pre-inpact  heed-spine  conf iguretions)  with  regerd  to 
dynamic  response  end  injury  mechanisms  will  be  addressed  in  e  nser-future  study. 


CONCLUSIONS 

Three-dimensional  methemeticel  models  of  the  hunen  and  baboon  bead-spine  structuras  heve  been 
described.  The  human  heed-spine  model ,  the  HSM,  after  appropriate  velidation  will  serve  as  an  analytic 
tool  to  he  used  in  the  development  of  design  criteria  for  militery  eircreft  emergency  esceps  systems  es 
well  es  the  investigation  of  detailed  hesd-spine  structure  responses  in  complex,  potentially  injurious 
dynamic  environments  in  general. 

The  HSM  has  been  perti„  y  validated  through  simulations  of  low-lavel  (noninjurious)  laboratory 
experiments  with  human  volunteers.  Ths  raquiremrnt  for  injury-level  validation  of  the  HSM  prompted  the 
development  of  the  beboon  heed-spina  model,  tha  BHSM.  Validation  of  the  BHSM  will  simultanaously 
validate  the  HSM  modeling  concepts  since  these  ere  the  tame  for  both  medals. 

Results  ohteined  with  the  BHSM,  so  fer,  have  already  daaonstreted  its  considerebla  potential  for 
providing  insigtt  into  heed-spine  strutture  responses  in  injury-level  impact  environments.  BHSM 
simulations  of  e  30  g„,  16. 5  msec,  and  u  70  ge,  13  msec  baboon  drop  tast  yialded  seemingly  reasonable 
results.  Comparison  of  peek  accelerations  from  the  70  ge,  15  msec  simuletion  with  corresponding 
recorded  values  Irom  an  actual  baboon  drop  tast,  indiceted  thet  ihe  BHSM  predictions  were  somewhat  low. 
It  is  felt  thet  the  uonlineer  stiffening  effects  of  the  rib-cege  snd  viscere-abdominal  well  systems  were 
not  edequetaly  repretented  in  the  BHSM;  this  is  currently  being  addressed,  elosg  with  improvements  to 
the  cervical  spine  model.  Comparisons  of  BHSM  drop  test  simulations  for  three  different  pre-impact 
spinal  configurations  demonstrated  the  significant  effects  of  variations  in  initial  segittel  plene 
curvatures  on  impact-induced  head-spine  system  loads  end  deformations. 

Still  in  evidence,  not  withstanding  the  apparent  progress  in  HSM  end  BHSM  development  end 
validation,  ere  the  numher  of  approximations  end  extrapolations  which  heve  bean  required  for  the  BHSM 
even  more  so  than  for  the  HSM.  Some  of  these  deta,  such  es  rete-dependsnt  notion  segment  bending 
stiffnesses  and  reta-dependent  vartehral  body  failura  characteristics,  ire  obtainable  experimentally. 
These  dete  ere  essentiel  to,  end  in  fact  could  balp  considarably  simplify,  the  model  validation  process. 
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PICl'RE  1.  SAGITTAL  AND  FRONTAL  PLANE 
VIEWS  OF  THE  HEAJ-SPINE  MODEL. 


FICURE  2.  SACITTAL  .‘ND  FRONTAL  PLANE 
VIFWS  OF  THE  BABOON  HEAD-SPINE  MODEL. 
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FIGURE  3.  BHSM  SAGITTAL  PLANE  CONFIGURATIONS  AT  TIMES  0,  10,  20 

AND  30  MSEC  FROM  A  30  G  ,  16.5  MSEC  DROP  TEST  SIMULATION. 
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FIGURE  4.  BHSM  SAGITTAL  PLANE  CONFIGURATIONS  AT  TIMES  0,  10,  20 

AND  30  MSEC  FROM  A  70  G  ,  15  MSEC  DROP  TEST  SIMULATION. 
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FICURi  5.  INITIAL  BHSM  SACITTAL  PLANE  CONFIGURATIONS  FOR  EFFECTS 
OF  VARIATIONS  IN  PRE-IMPACT  SPINAL  CURVATURE  STUDY. 


STRAIGHT 


NORMAL 


CURVED 


FIGURE  6.  30  MSEC  BHSM  SAGIT1AL  PLANE  CONFIGURATIONS  FOR 

EFFECTS  OF  VARIATIONS  IN  PRE-IMPACT  SPINAL  CURVATURE  STUDY. 


FIGURE  7.  HSM  SAGITTAL  PLANE  CONFIGURATIONS  AT  TIMES  0,  40,  60  AND  80  MSEC 
FROM  A  10  G _  DROP  TEST  SIMULATION. 
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MILLFR  (UK) 


DISCUSSION 


The  math  model  has  been  derived  entirely  by  Z-axis  loading.  As  accelerations  will  be  applied  in  other  directions 
during  ejection, can  this  model  be  used  for  determining  spinal  reaction  to  loading  in  the  X  and  Y  axis? 

AUTHOR'S  REPLY 

Yes.  The  head-spine  model  and  its  analysis  program  are  based  on  fully  three-dimensional,  large  displacement, 
small  strain  formulation.  Hence,  the  model  is  applicable  to  arbitrary  three-dimensional  loading  environments. 
Primary  emphasis  ,  however,  is  on  the  prediction  of  head-spine  system  dynamic  response  and  injury  likelihood  to 
+GZ  loadings  experienced  during  ejection . 

STEELE-PERKINS  (UK) 


Can  you  treat  the  effect  of  the  rib  cage  as  a  constant ,  as  surely  this  will  influence  the  movement  of  the  spine 
even  in  a  Gz  situation. 

AUTHOR'S  REPLY 


The  nonlinear  stiffening  effects  of  the  rib  eage  are  included.  The  more  complex  human  head- spine  model 
includes  a  detailed  structural  model  of  the  rib-cage  in  which  rigid  bodies  and  beams  are  used  to  represent  the 
sternum  and  the  ribs,  and  beams  and  springs  are  used  to  represent  the  various  joints  and  connective  tissues. 

In  less  complex  versions  of  the  model,  as  well  as  the  baboon  head-spine  model,  the  detailed  rib-cage  representation 
is  replaced  by  a  secondary  column  of  nonlinear  beam  elements  which  provide  a  similar  nonlinear  stiffening  effeet 
for  the  spine. 

WISMANS  (NE) 

This  math  model  seems  to  be  much  more  advanced  than  the  dummies  presently  available  for  impacts  in  the  Z- 
direction.  Are  there  any  plans  to  incorporate  this  model  in  future  dummy  development  programs  with  respect 
to  the  design  of  the  hend-spine  structure. 

AUTHOR'S  REPLY 

Yes .  The  only  plans  which  we  hnve  with  regard  to  head-spine  model  applications  to  dummy  development  arc 
with  respect  to  the  design  of  a  more  realistic  spine  structure  for  the  dummy. 
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SUMMARY 

Dynamic  preload  is  anticipatory  acceleration  in  the  same  direction  as  a  later  impact 
acceleration.  To  evaluate  the  influence  of  dynamic  preload  on  human  impact  response, 
tests  with  volunteer  subjects  were  conducted  on  impact  facilities  at  the  Air  Force 
Aerospace  Medical  Research  Laboratory  (AFAMRL).  Test  data  are  presented  which  indicate 
that  the  peak  forces  and  body  segment  accelerations  imposed  on  subjects  during  impact 
accelerations  are  decreased  when  those  impacts  are  preceded  by  dynamic  preload.  The 
impact  response  differences  were  more  striking  for  comparisons  between  zero  and  low 
levels  of  dynamic  preload  than  for  comparisons  between  low  and  higher  levels  of  preload. 
The  threshold  for  these  protective  effects  is  apparently  below  0.25  G  dynamic  preload 
for  the  test  conditions  investigated.  In  addition,  the  medical  and  subjective  data  sup¬ 
port  the  assertion  that  dynamic  preload  is  protective  when  applied  prior  to  -Gx  impact 
accelerations.  Since  impacts  conducted  on  decelerator  facilities  are  all  influenced  by 
track  friction  and  therefore  preceded  by  dynamic  preload,  lt  appears  that  they  are  fun¬ 
damentally  different  from  impacts  conducted  on  accelerator  facilities,  involving  zero 
dynamic  preload.  This  indicates  a  need  to  reassess  previous  tolerance  estimates  derived 
from  rocket  sled  decelerations.  Decelerator  tests  do  not  appear  to  predict  the  more 
severe  results  of  similar  exposures  on  accelerators.  Research  efforts  are  continuing  at 
AFAMRL  to  further  delineate  the  significance  and  utility  of  dynamic  preload  as  a  tech¬ 
nique  in  impact  injury  prevention. 


INTRODUCTION 

A  number  of  well  recognized  factors  influence  human  response  to  impact  acceleration. 
These  include  differences  in  restraint  harness  materials,  geometry,  and  pretensionj 
biological  variability  among  subjects;  and  variations  in  subject  posture  and  voluntary 
bracing.  A  less  well  recognized  factor  of  fundamental  Importance  in  human  impact 
tolerance  appears  to  be  the  acceleration-time  history  imposed  on  the  subject  prior  to  the 
impact  event.  Interest  in  this  pre-event  history  has  led  to  the  concept  of  dynamic  pre¬ 
load. 

Dynamic  preload  is  defined  as  an  Imposed  acceleration  preceding,  continuous  with, 
and  in  the  same  direction  as  an  impact  acceleration  pulse.  Some  impact  accelerations, 
such  as  those  of  a  body  at  rest  or  a  body  moving  at  constant  velocity,  occur  with  zero 
dynamic  preload.  The  pre-impact  acceleration  in  these  cases  is  zero.  Other  impact 
accelerations,  such  as  those  of  a  body  moving  at  a  decreasing  velocity,  occur  with  a 
variable  amount  of  dynamic  preload.  Such  would  be  t  e  case  in  a  moving  automobile  with 
the  brakes  applied  before  striking  a  barrier. 

Dynamic  preload  should  not  be  confused  with  static  preload,  as  might  be  applied  by 
pretensioning  a  harness  restraint  system.  Static  preload  has  been  demonstrated  to  be 
useful,  and  some  of  the  effects  are  interrelated,  but  dynamic  preload  produces  additional 
effects  not  attainable  through  the  use  of  harness  tension.  Dynamic  preload  should  also 
not  be  confused  with  voluntary  subject  bracing  (such  as  with  the  extremities)  or  subject 
pre-positioning  (such  as  flexing  the  head  forward  prior  to  a  -Gx  impact).  These  tech¬ 
niques  have  also  been  demonstrated  to  influence  human  impact  response.  However,  unlike 
dynamic  preload,  to  effectively  influence  response,  bracing  and  pre-positioning  require 
not  only  subject  anticipation  of  the  impact,  but  also  proper  subject  performance  of  the 
technique  as  well. 

In  the  conduct  of  experimental  impact  testing,  facilities  have  been  used  which  vary 
in  the  dynamic  preload  they  impose.  Data  gathered  in  the  attempt  to  explore  human 
tolerance  limits  are  derived  primarily  from  experiments  conducted  on  decelerator 
facilities.  The  early  impact  sled  tests  used  rocket  thrust  to  accelerate  a  sled  to  a 
desired  velocity  (4,  8).  The  sled  then  coasted  into  some  form  of  mechanical  or  hydraulic 
braking  device  which  applied  the  retarding  force  necessary  for  the  planned  impact. 

During  the  coast  phase,  however,  retarding  forces  were  already  at  work  in  the  form  of 
wind  resistance  and  rail  friction.  These  pre-impact  retarding  forces  generally  produced 
sled  accelerations  in  excess  of  1.5  G's,  sometimes  reaching  15  G's.  (See  Table  1.)  The 
higher  levels  of  imposed  dynamic  preload  often  produced  dramatic  impact  responses  in  the 
human  occupants  of  the  sled  well  before  contact  with  the  brake  was  made.  One  of  John 
Paul  Stapp's  rocket  sled  exposures,  for  example,  was  described  as  follows. 
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"At  burnout  of  the  rockets,  the  subject's  head  and  shoulders  were  pitched  forward 
abruptly  into  the  harness  and  firmly  pressed  against  the  straps  throughout  the  1.6 
seconds  of  coasting." 

The  acceleration-time  curve  for  this  run  demonstrated  a  4  to  5  G  deceleration  of  the  test 
sled  during  the  coast  phase.  Although  Lombard  (4)  suggested  over  15  years  age  that  the 
timing  of  this  "double  punch"  profile  could  be  of  analytical  interest  and  importance,  the 
protective  implications  of  these  data  were  only  recently  suggested  by  Raddin  et,  al^.  (7). 


TABLE  1.  DYNAMIC  PRELOAD  AND  CORRESPONDING  MAXIMUM 
ACCELERATION  TOLERATED  DURING  -Gx  HUMAN  IMPACTS  AT  VARIOUS  TEST  FACILITIES 


TEST  FACILITY 

ftJMCE  WTSYNAMIC  PRELOADS  <65 

MAXIMUM  TEST  LEVEL  ( PEAK  0) 

Rocket  Sled  Decelerator 

Daisy  Decelerator 
Accelerators 

1.5  (Calculated  Average) 
to  16.8  (Measured  Peak) 

0.2  -  0.3 

0 

45.5  (Measured  at  seat) 

34.4  (Measured  at  sled)t 
15-16 

t  Subject  incurred  multiple  vertebral  fractures  and  shock  as  the  result  of  this  exposure. 


Other  decelerator  facilities,  such  as  the  Daisy  Decelerator  at  Holloman  Air  Force 
Base  and  the  Horizontal  Decelerator  at  AFAMRL  impose  less  dynamic  preload  on  subjects 
than  that  experienced  during  the  early  rocket  sled  experiments.  The  -Gx  impact  tolerance 
work  conducted  on  the  Daisy  Decelerator  (1)  resulted  in  a  lower  maximum  test  level  than 
the  previous  experiments.  As  shown  in  Table  1,  this  exposure  level  unfortunately 
resulted  in  untoward  medical  effects  and  thus  represented  a  level  of  objective  tolerance 
for  those  test  conditions. 

Impact  facilities  designed  to  produce  impact  accelerations  from  a  standing  start 
always  impose  zero  dynamic  preload.  The  maximum  test  levels  achieved  on  such  accelerator 
facilities  have  been  well  below  the  levels  achieved  on  decelerator  facilities.  In  one 
series  of  -Gx  experiments  conducted  on  an  accelerator  (5),  the  highest  level  of  human 
exposure  reported  was  15  G  (57  ft/sec).  Therefore,  as  shown  in  Table  1,  previous 
experience  in  -Gx  impacts  suggests  that  human  tolerance  to  impact  increases  with 
increasing  dynamic  preload.  Although  the  impact  acceleration-time  profile  for  two 
facilities  may  be  identical,  the  acceleration-time  history  prior  to  the  event  may  differ 
greatly  and  may  be  the  basis  for  differences  observed  in  impact  response. 

It  appears  that  significant  protective  benefits  accrue  to  the  subject  of  a  test  with 
imposed  dynamic  preload.  At  very  high  levels  of  preload,  body  segments  are  rearranged  in 
advance  of  the  impact,  preventing  the  amplified  accelerations  associated  with  the  head  or 
other  body  segment  snapping  forward  during  the  impact.  In  effect,  the  segment  moves  for¬ 
ward  first  to  avoid  snapping  forward  later,  and  experiences  lower  forces  during  the  de¬ 
celeration.  In  a  similar  manner,  each  small  volume  of  body  tissue  can  be  considered  to 
act  in  some  ways  like  a  supported  segmsnt.  Each  volume  can  be  considered  to  have  an 
associated  dynamic  preloading  threshold  which,  when  applied,  can  serve  to  minimize  its 
later  impact  response.  In  this  way  a  low  level  of  dynamic  preload  can  be  seen  to  poten¬ 
tially  produce  beneficial  results  without  associated  motion  of  large  body  segments  or 
involvement  of  voluntary  bracing. 


TABLE  2.  NUMBER  OF  INJURIES 
INCURRED  BY  BABOON  CADAVERS  DURING  -Gx  IMPACTS  (50  G) 


TEST  FAcxLItY 

ACCELERATOR — 

— DECELERATOR 

Subjects 

Significant ly 

6 

6 

Injured  Subjects 

4 

1 

Fractures 

1 

1 

Muscle  Tears 

4 

0 

Liver  Tears 

1 

0 

Similar  apparent  differences  In  tolerance,  injuries,  and  response  accelerations  have 
been  noted  with  animal  surrogates.  For  example,  12  baboon  cadavers  were  exposed  to 
nominal  50  G  Impact  accelerations  at  AFAMRL.  As  shown  in  Table  2,  of  the  six  subjects 
exposed  on  the  accelerator,  four  Incurred  significant  injuries,  Including  one  clavicular 
fracture,  one  hepatic  laceration,  and  four  transactions  of  the  rectus  abdominis  muscles. 
On  the  other  hand,  of  the  six  baboon  cadaver  subjects  exposed  to  a  comparable  Impact  on 
the  decelerator,  only  one  Incurred  a  significant  injury.  These  differences  may  also  be 
ascribed  to  dynamic  preload. 

Comparison  of  data  derived  from  different  impact  test  facilities,  subjects,  and  con¬ 
ditions  has  always  been  difficult.  Similar  peak  G  exposures  may  have  very  different 
pulse  shapes  and,  therefore,  different  velocity  changes  and  pulse  energy  content. 
Restraint  system  designs  and  materials  are  often  not  comparable.  Subjects  differ  in 
size,  weight,  and  response  characteristics.  In  short,  if  clear  distinctions  between 
responses  with  differing  dynamic  preloads  are  to  be  made,  great  care  must  be  taken  to 
assure  that  all  other  sources  cf  response  variance  are  well  controlled. 
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The  effect  of  varying  the  acceleration-time  history  preceding  the  impact  event  while 
carefully  controlling  all  other  sources  of  response  variance  is  the  subject  of  the  pre¬ 
sent  inquiry.  The  results  of  matched  impact  exposures  on  a  decelerator  (preload  levels 
of  approximately  0.25  G  and  0.62  G)  and  an  accelerator  (no  preload)  are  presented.  The 
study  is  also  an  attempt  to  establish  deceleration  exposures  as  a  special  case  in  human 
tolerance  data.  Presumed  tolerance  information  derived  from  tests  with  high  preload 
would  then  require  interpretation  when  applied  to  impact  tests  with  no  preload. 

Tolerance  scaling  techniques  would  be  required.  Furthermore,  if  tolerance  increases  with 
preload,  means  should  be  sought  to  intentionally  impose  preload  as  a  protective  technique 
in  impact  exposures. 


EXPERIMENTAL  DESIGN 

This  experiment  was  designed  to  provide  a  controlled  comparison  of  human  response  in 
matched  impact  acceleration  profiles  on  decelerator  and  accelerator  facilities.  The  com¬ 
parable  tests  were  matched  for  velocity  change  of  the  impact  sled.  The  impact  accelera¬ 
tion  profiles  were  approximate  half-sine  waveforms.  The  tests  were  conducted  on  the 
Horizontal  Decelerator  and  the  Impulse  Accelerator  at  AFAMRL.  The  ready  availability  of 
these  facilities  for  use  in  human  testing  and  the  extensive  base  of  comparative  test  data 
were  prime  factors  in  selecting  forward  facing  (-Gx)  tests  for  this  investigation. 

Volunteer  subjects  came  from  the  AFAMRL  Impact  Acceleration  Stress  Panel.  Prior  to 
participation,  all  subjects  successfully  completed  a  thorough  medical  screening  eval¬ 
uation,  including  a  USAF  Flying  Class  II  physical  examination,  pulmonary  function  tests, 
electroencephalogram,  exercise  treadmill  test,  and  a  complete  battery  of  skull,  chest  and 
spine  x-rays.  This  screening  procedure  has  been  more  thoroughly  described  elsewhere  (3). 
Ongoing  informed  consent  was  provided  by  all  subjects  throughout  the  experiment  in 
accordance  with  the  applicable  human  use  guidelines  as  defined  in  Air  Force  Regulation 
169-3- 


To  minimize  the  potential  for  injury  to  subjects,  the  tests  were  conducted  at  pre¬ 
sumed  subinjury  impact  acceleration  levels.  The  experimental  design  matrix  is  shown  in 
Table  3.  The  pulses  in  Test  Conditions  B  and  E  were  preceded  by  the  minimum  dynamic  pre¬ 
load  (approximately  0.25  G)  created  primarily  by  fricticn  between  the  impact  sled  and  the 
track  rails  of  the  decelerator.  In  Test  Conditions  A  and  D,  an  additional  approximate 
0.35  G  dynamic  preload  was  imposed  by  the  application  of  sled-mounted  braking  devices 
approximately  250  msec  prior  to  impact.  There  was  no  dynamic  preload  in  Test  Conditions 
C  and  F,  which  were  conducted  on  the  accelerator.  The  8  G  sled  profiles  are  shown  in 
Figure  1  and  the  10  G  profiles  are  shown  in  Figure  2.  The  forces  acting  on  the  subjects 
at  these  exposure  levels  are  generally  sufficient  to  overcome  the  forces  of  voluntary 
muscle  contraction  and,  therefore,  produce  a  response  which  is  suitable  for  comparative 
parametric  analysis.  The  preload  conditions,  however,  were  not  sufficient  to  cause  an 
observable  change  in  subject  posture  prior  to  initiation  of  the  impact. 


TABLE  J.  NOMINAL  TEST  CONDITIONS 


teST  FACILITY 

Dynamic  preload  (G) 

CONDITION  , 

Decelerator 

0.62 

A 

D 

Decelerator 

0.25 

B 

E 

Accelerator 

0 

C 

F 

Sled  Acc^'.erati 

on  (G) 

8 

10 

I  Sled  Velocity  Change  (ft/sec) 

27 

3° 

The  test  seat  was  designed  with  conventional  USAF  crew  seat  geometry  with  a  seat 
back  angle  of  13°  aft  of  vertical  and  a  seat  pan  inclined  6°  above  the  horizontal.  Leg 
bracing  was  not  possible  since  no  footrest  was  provided.  The  subjects  w ir,  restrained  by 
a  lap  belt  and  double  shoulder  strap  harness  constructed  of  1  3/**  inch  wide  webbing.  The 
straps  were  pretensioned  to  20  ♦  5  pounds.  Prior  to  each  impact  test,  the  subject  was 
instructed  to  assume  the  same  body  posture,  with  head  against  the  headrest,  hands  resting 
on  anterior  thighs  without  upper  extremity  bracing,  and  posterior  thighs  in  contact  with 
the  seat  pan.  During  exposures  on  the  accelerator,  the  subject  could  hear  the  countdown 
to  impact  in  order  to  assure  cognitive  anticipation  of  the  event  similar  to  that  ac'iieved 
during  decelerator  tests. 

The  test  fixture,  restraint  harness,  and  subject  were  instrumented  to  obtain  per¬ 
tinent  objective  data  during  each  test.  Measured  parameters  included  impact  acceleration 
of  the  test  sled  and  seat,  impact  velocity  of  the  test  sled,  loads  reacted  at  the  seat 
pan,  and  loads  measured  at  the  restraint  harness  attachment  points.  Accelerations  at  the 
head  and  chest  of  the  subject  were  measured  by  appropriately  mounted  triaxial  transla¬ 
tional  accelerometers.  Photometric  data  were  obtained  by  two  high-speed  (500  frames  per 
second)  motion  picture  cameras  mounted  on  the  test  fixture,  permitting  assessment  of  body 
segment  displacements  during  the  impact. 

Subjective  data  were  also  obtained  by  means  of  a  post-test  questionnaire  designed  to 
assess  the  subject's  impression  or  each  impact  event  relative  to  other  comparable  expo¬ 
sures.  For  example,  subjects  were  asked  to  characterize  head  displacement  as  small  or 
large,  shoulder  strap  pressure  as  low  or  high,  and  overall  impression  of  the  impact  as 
comfortable  or  uncomfortable  on  ar.  integer  scale  from  -3  to  *3,  zero  indicating  a  neutral 


ACCELERATION  (G)  ACCELERATION  (G) 


CONDITION  C 


Figure  1.  Typical  Sled  Acceleration  Profiles  at  the  8  G  Test  Level. 


TIME  (MILLISECONDS) 

1 

Figure  2.  Typical  Sled  Acceleration  Profiles  st  the  10  G  Test  Level, 
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reaction.  Subjects  were  not  permitted  to  review  previous  post-test  responses  when 
completing  the  questionnaires. 

The  electronic  data  were  processed  by  computer  and  the  test  results  were  evaluated 
using  the  Wilcoxon  paired-replicate  rank  test  (9).  This  statistical  technique  was 
selected  to  compare  the  peak  values  of  specific  measured  parameters  and  to  establish  the 
statistical  significance  of  observed  trends  in  the  data.  Experimentally  measured  parame¬ 
ters  for  each  subject  were  arithmetically  compared  with  the  same  parameter  measured  for 
the  same  subject  in  a  comparable  test  condition,  in  order  to  establish  pair  differences. 
When  a  sufficient  preponderance  of  ranked  pair  differences  for  a  parameter  changed  in  the 
same  direction,  a  trend  was  established  as  statistically  significant  by  the  Wilcoxon  ana¬ 
lysis.  The  90$  confidence  level  (assuming  a  two-tailed  test)  was  chosen  as  the  level  of 
statistical  significance  in  this  study.  This  analytical  approach  established  each  sub¬ 
ject  as  his  own  control  and  thereby  reduced  the  effects  of  biological  variability  among 
subjects . 

Evaluation  of  the  entire  measured  acceleration-time  histories  of  head  and  chest  was 
also  accomplished  by  calculated  severity  indices  (2).  These  single  parameters,  which 
were  derived  by  a  weighted  integral  of  the  acceleration-time  function  taken  over  the 
interval  of  the  impact  (SI  =  Ja'utjdt,  where  n  =  2.5),  were  used  to  compare  the  overall 
severities  of  impact  responses.  No  significance  was  assigned  to  the  absolute  values  of 
tnese  measures.  Instead,  they  were  utilized  only  in  a  relative  sense  for  comparison. 


EXPERIMENTAL  RESULTS 

Data  from  100  selected  impact  tests  (54  at  the  8  G  level  and  46  at  the  10  G  level) 
conducted  between  January  and  August  1981  are  presented.  The  three  preload  conditions 
allowed  these  to  be  sorted  into  92  comparable  test  pairs  which  were  matched  ror  velocity 
change  of  the  sled.  The  difference  in  velocity  change  for  any  given  test  pair  was 
<  1  ft/sec.  (The  velocity  difference  in  88$  of  the  92  matched  pairs  was  <  0.5  ft/sec.) 
Nineteen  subjects  (17  males  and  2  females)  participated  in  the  test  program  and  twelve 
subjects  completed  all  test  conditions.  Four  subjects  did  not  complete  the  test  program 
since  they  departed  Wright-Patterson  Air  Force  Base  for  new  duty  assignments;  one  subject 
was  temporarily  medically  disqualified  from  participation;  and  two  subjects  voluntarily 
withdrew  from  the  program. 

Tests  on  the  Horizontal  Decelerator  were  conducted  first.  The  phases  of  an  experi¬ 
mental  run  on  this  facility  are  shown  in  Figure  3.  In  these  tests,  the  sled  was  accel¬ 
erated  to  a  velocity  sufficiently  high  to  achieve  the  programmed  impact  velocity  at  the 
decelerator  following  the  deceleration  experienced  during  the  coast  phase.  During 
the  velocity  control  window  of  the  coast  phase,  the  actual  sled  velocity  was  compared  to 
a  programmed  or  model  velocity.  If  the  actual  velocity  was  higher  than  programmed,  the 
excess  velocity  was  "trimmed"  by  the  application  of  sled-mounted  braking  devices.  In 
this  way,  the  actual  sled  velocity  at  impact  was  assured  to  be  within  1  ft/sec  of  the 
desired  impact  velocity.  In  Test  Conditions  A  and  D,  the  trim  brakes  were  applied 
throughout  the  250  msec  just  prior  to  impact  in  order  to  impose  an  additional  approximate 
0.35  G  dynamic  preload  on  the  sled.  To  achieve  the  desired  impact  velocity  during  these 
test  conditions,  it  was  necessary  to  allow  for  the  higher  velocity  change  associated  with 
the  additional  imposed  dynamic  preload.  The  sled  was,  therefore,  programmed  to  leave  the 
velocity  control  window  of  the  coast  phase  with  a  higher  actual  velocity  than  in  Test 
Conditions  B  and  E.  The  8  G  tests  were  conducted  prior  to  the  10  G  tests  on  the 
decelerator.  Subjects  were  informed  of  the  impact  test  level  but  were  not  informed  of 
the  preload  condition  prior  to  each  test.  The  order  of  presentation  of  the  preload  con¬ 
ditions  was  randomized. 


Figure  3. 


Phases  of  the  Experimental  Run  on  the  Horizontal  Decelerator. 
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Tests  on  the  Impulse  Accelerator  were  conducted  following  completion  of  all  decel- 
erator  tests.  These  tests  were  not  randomized  with  the  deceleration  conditions,  since 
transitioning  from  decelerator  to  accelerator  required  substantial  facility  modifica¬ 
tions.  However,  the  difference  in  mechanization  would  have  prevented  blind  or  double 
blind  presentation  anyway.  The  accelerator  tests  were  designed  to  produce  an  impact 
velocity  as  close  as  possible  t r-  that  measured  for  the  same  subject  on  the  decelerator. 
Since  the  profiles  were  almost  •ntical  (see  Figures  1  and  2),  velocity  matching  implied 
close  correspondence  in  accelera  ion  as  well.  However,  the  mean  sled  acceleration  peak 
for  the  8  G  tests  was  higher  on  the  accelerator  (Test  Condition  C)  than  for  either  com¬ 
parable  decelerator  condition  (Test  Conditions  A  and  B) .  These  small  differences  in  the 
mean  sled  acceleration  peak  (0.18  G  in  comparison  B-C  and  0.26  G  in  comparison  A-C)  were 
systematic  enough  to  appear  as  statistically  significant  in  the  Wilcoxon  analyses.  (See 
tables  in  Appendix.)  To  assure  that  this  test  bias  was  not  the  basis  for  the  observed 
differences  in  subject  response, '10  G  tests  on  the  accelerator  were  designed  to  produce 
slightly  lower  velocity  changes  for  each  subject  th’in  had  been  observed  on  the  decelera¬ 
tor.  Sled  acceleration  peaks  for  the  10  G  tests  were,  therefore,  lower  on  the  accelera¬ 
tor  (Test  Condition  F)  than  for  either  comparable  decelerator  condition  (Test  Conditions 
D  and  E).  These  small  differences  (0.36  G  in  comparison  E-F  and  0.30  G  in  comparison 
D-F)  were  again  systematic  enough  to  appear  as  statistically  significant  in  the  Wilcoxon 
analyses,  but  this  time,  by  design,  in  the  other  direction.  Despite  this  variation  in 
sled  acceleration,  response  differences  at  10  G  similar  to  those  documented  at  8  G  were 
still  observed. 


Six  comparisons  among  the  test  conditions  were  made.  The  means  and  standard 
deviations  of  the  measured  parameters  and  the  statistically  significant  trends 
established  by  the  Wilcoxon  analysis  at  the  90J  confidence  level  are  presented  for  each 
comparison  in  Tables  A1-A6.  (See  Appendix.)  In  these  tables,  an  asterisk  (•)  indicates 
a  statistically  significant  change  in  the  designated  parameter.  Tables  4  and  5  summarize 
the  statistically  significant  trends  in  all  comparisons  of  the  electronic  data.  In  these 
tables,  the  arrow  designates  the  direction  of  the  trend,  the  number  indicates  the  percen¬ 
tage  increase  in  the  parameter  mean  between  test  conditions,  and  an  asterisk  again 
designates  statistical  significance  at  the  chosen  confidence  level. 


TABLE  4 

SUMMARY  OF  STATISTICALLY  SIGNIFICANT  TRENDS 
AND  PERCENT  INCREASE  IN  PARAMETER  MEANS 
FOR  COMPARISONS  AT  THE  8  G  TEST  LEVEL 


TEST  CONDITIONS 
TEST  FACILITY 
DYNAMIC  PRELOAD  (G) 

SM  SLED  ACCELERATION 
SLED  VELOCITY 
CHEST  ACCELERATION 
-X  axis 
*1  axis 
Resultant 

CHEST  SEVERITY  INDEX 
HEAD  ACCELERATION 
-X  axis 
-Z  axis 
Resultant 

HEAD  SEVERITY  INDEX 
STRAP  LOADS 

Total  Shoulder  Straps 
Total  Lap  Belt 
SEAT  PAN  LOADS 
♦Z  axis 
Resultant 


Comparisons  of  the  8  G  test  results  revealed  statistically  significant  Increases  In 
measured  and  computed  response  parameters  In  the  test  condition  with  less  dynamic  pre¬ 
load.  (See  Table  4.)  In  comparison  A-B,  for  example,  statistically  significant 
Increases  in  resultant  head  acceleration,  total  lap  belt  load,  and  resultant  seat  pan 
load  were  seen  in  the  condition  with  less  dynamic  preload  (Test  Condition  B).  Increases 
in  the  same  direction  were  seen  for  vertical  chest  acceleration  and  the  chest  Severity 
Index.  More  dramatic  changes  in  response  parameters  were  seen  in  the  decelerator- 
accelerator  comparisons.  In  comparison  B-C  the  resultant  chest  acceleration  and  chest 
Severity  Index,  resultant  head  acceleration  and  head  Severity  Index,  total  shoulder  strap 
load,  total  lap  belt  load,  and  resultant  seat  pan  load  were  Increased  in  the  exposure  on 
the  accelerator.  Similar  changes,  all  larger  in  magnitude,  were  seen  in  the  A-C  com¬ 
parison.  The  direction  of  these  trends  and  the  relative  magnitudes  of  the  Increases 
observed  in  this  comparison  may  have  been  anticipated  on  the  basis  of  the  findings  in  the 
A-B  and  B-C  comparisons,  since  the  three  comparisons  are  not  Independent. 

Comparisons  of  the  10  G  test  results  also  indicated  statistically  significant 
Increases  in  the  measured  and  computed  parameters  in  the  test  condition  with  less  dynamic 
preload.  For  example,  in  the  D-E  comparison,  statistically  significant  increases  are  seen 
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in  resultant  chest  acceleration  and  chest  Severity  Index  in  the  condition  with  less  dyna¬ 
mic  preload  (Test  Condition  E).  Although  similar  findings  at  the  chest  are  absent  in  the 
decelerator-accelerator  comparisons,  the  resultant  head  acceleration  and  head  Severity 
Index,  total  lap  belt  load,  and  vertical  seat  pan  reaction  load  were  increased  in  Test 
Condition  F  relative  to  either  comparable  test  condition  on  the  decelerator  (Test  Con¬ 
ditions  E  and  D).  These  findings  are  summarized  in  Table  5. 


TABLE  5 

SUMMARY  OF  STATISTICALLY  SIGNIFICANT  TRENDS 
AND  PERCENT  INCREASE  IN  PARAMETER  MEANS 
FOR  COMPARISONS  AT  THE  10  G  TEST  LEVEL 


TEST  CONDITIONS 
TEST  FACILITY 
DYNAMIC  PRELOAD  (G) 

SM  SLED  ACCELERATION 
SLED  VELOCITY 
CHEST  ACCELERATION 
-X  axis 
+Z  axis 
Resultant 

CHEST  SEVERITY  INDEX 
HEAD  ACCELERATION 

-X  axis 
-Z  axis 
Resultant 

HEAD  SEVERITY  INDEX 
STRAP  LOADS 

Total  Shoulder  Straps 
Total  Lap  Belt 
SEAT  PAN  LOADS 
+Z  axis 
Resultant 


These  electronic  data  indicate  that  forces  and  body  segment  accelerations  imposed  on 
subjects  in  Impacts  preceded  even  by  a  minimal  dynamic  preload  are  decreased  in  com¬ 
parison  to  those  measured  during  impacts  preceded  by  less  dynamic  preload.  These 
changes  were  more  dramatic  in  the  decelerator-accelerator  comparisons  than  in  the  com¬ 
parisons  Involving  the  two  decelerator  preload  conditions.  This  was  true  despite  the 
fact  that,  in  the  latter  comparisons,  the  difference  in  dynamic  preload  between  the  two 
decelerator  test  conditions  (approximately  0.35  G)  was  greater  than  the  differ  nee  in 
dynamic  preload  between  the  low  preload  decelerator  case  and  the  no  preload  accelerator 
case  (approximately  0.25  G) .  Furthermore,  the  threshold  for  significant  dynamic  preload 
effect;  on  impact  response  occurs  below  0.25  G.  Determining  the  minimum  threshold  for 
these  effects  would  require  experiments  on  a  decelerator  facility  which  would  Impose  less 
than  0.25  G  dynamic  preload  on  the  test  vehicle. 

The  differences  in  the  statistically  significant  trends  at  the  8  G  test  level 
(Table  *0  relative  to  those  at  the  10  G  level  (Table  5)  are  probably  attributable  to 
variations  in  test  conditions.  The  variations  in  sled  acceleration  peak  have  already 
been  described.  In  addition,  the  pulse  duration  of  the  8  G  exposure  was  different  from 
that  of  the  10  G  exposure,  implying  differences  in  the  frequency  content  of  these  impact 
waveforms.  The  mechanical  response  of  the  subjects  at  the  two  test  levels,  therefore, 
should  be  dissimilar  and  may  account  for  the  differences  in  observed  preload  effect. 


TABLE  6 

SUMMARY  OF  OBJECTIVE  MEDICAL  FINDINGS 

TEST  LEVEL  (G) 

TEST  CONDITION 
DYNAMIC  PRELOAD  (G) 
n  s 

ABRASIONS 
CONTUSIONS 
MUSCLE  STRAINS 

t  Two  subjects  declined  this  10  G  exposure.  Two  subjects  who  participated  utilized  adhe¬ 
sive  tape  at  the  clavicles  to  prevent  abrasions  during  this  10  G  exposure  only. 


The  adverse  medical  effects  of  subject  participation  were  confined  to  anticipated 
'  and  clinically  inconsequential  abrasions,  contusions,  and  muscle  strains  (with  the  excep- 

1  tlon  of  a  possible  minimal  Type  I  atlantoaxial  rotatory  fixation  in  one  subject).  These 

I  data  are  summarized  in  Table  6.  The  abrasions,  of  course,  are  observed  in  areas  of  sub- 

l  *  Ject  contact  with  the  restraint  straps,  particularly  at  the  clavicles,  and  are  easily 

Identifiable  post-impact.  However,  contusions  and  muscle  strains  have  probably  been 
i  underestimated,  sine;  these  effects  may  not  be  seen  immediately  following  the  Impact  and 

may  simply  not  be  reported  by  subjects  in  follow-up.  Nevertheless,  the  frequency  of 


I 
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these  objective  medical  findings  following  impact  exposures  on  the  accelerator  was 
increased  compared  to  similar  exposures  on  the  dt  .^Iw'ator  at  both  the  8  G  and  10  G  test 
levels.  However,  the  frequency  of  adverse  effects  incurred  on  the  accelerator  did  not 
increase  from  the  8  G  to  the  10  G  test  level.  No  attempt  was  made  to  differentiate 
levels  of  injury  severity.  The  relative  scarcity  of  medical  findings  in  the  decelerator 
tests  suggests  an  effective  decrease  in  the  threshold  for  abrasions  with  imposed  dynamic 
preload.  At  higher  impact  acceleration  levels,  such  as  those  experienced  operationally 
during  aircraft  ejection,  it  is  conceivable  that  a  similar  beneficial  threshold  shift  may 
occur,  with  preload,  for  the  clinically  consequential  adverse  effects  of  these  Impacts, 
such  as  vertebral  fractures. 

Analysis  of  the  subject  questionnaire  resoonses  Indicated  that  subjects,  in  general, 
perceived  their  impact  response  on  the  accelerator  to  be  more  severe  than  their  response 
to  comparable  decelerator  tests.  For  example,  in  the  B-C  comparison,  9  of  16  subjects 
indicated  that  the  overall  impact  was  more  comfortable  on  the  decelerator  than  on  the 
accelerator.  Five  subjects  indicated  no  difference  between  the  two  test  conditions  and 
two  subjects  indicated  that  the  overall  response  was  more  comfortable  on  the  accelerator 
than  on  the  decelerator.  Similarly,  at  the  10  G  test  level,  in  comparison  E-F,  8  of  12 
subjects  indicated  their  overall  response  on  the  decelerator  was  more  comfortable  than  on 
the  accelerator,  three  subjects  indicated  no  difference  and  one  subject  Indicated  that 
the  overall  response  on  the  accelerator  was  leas  severe  than  on  the  decelerator.  The 
numerical  average  of  the  subject  responses  to  this  question  were  computed  for  these  test 
conditions.  These  averages  Indicated  the  consensus  of  the  subjects  that  the  overall 
severity  of  a  10  G  impact  exposure  preceded  by  nominal  track  friction  (0.25  G)  on  the 
decelerator  was  equivalent  to  the  overall  severity  of  an  8  G  impact  exposure  on  the  ac¬ 
celerator.  In  fact,  the  two  subjects  who  voluntarily  withdrew  from  the  test  program 
declined  the  10  G  accelerator  exposure  following  completion  of  the  8  G  exposure  on  the 
accelerator  and  at  least  one  10  G  test  on  the  decelerator.  Interestingly  enough,  com¬ 
parison  of  objective  measures  of  accelerations  and  forces  between  10  G  decelerator  tests 
and  8  G  accelerator  tests  for  the  same  subjects  supports  these  subjective  assessments. 
Resultant  head  acceleration  was  higher  In  the  8  G  accelerator  tests,  while  resultant 
chest  acceleration,  harness  loads,  and  seat  forces  were  higher  in  the  10  G  decelerator 
tests. 
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DISCUSSION 

The  test  results  demonstrate  statistically  significant  increases  in  severity  of 
human  impact  response  when  compared  to  response  measured  in  similar  Impacts  preceded  by 
higher  dynamic  preload.  These  changes  are  particularly  striking  when  accelerator 
impacts  are  compared  to  matched  decelerator  impacts.  These  response  differences  continue 
to  be  statistically  significant,  in  most  cases,  even  when  the  accelerator  event  is  less 
severe,  as  seen  in  the  10  G  comparisons  E-F  and  D-F. 

The  explanation  for  the  response  differences  seen  in  this  test  program  can  be 
understood  in  part  by  examining  the  concept  of  dead  space  and  the  nature  of  viscoelastic 
systems  exposed  to  Impact.  In  spite  of  pretensioning,  some  structures  of  the  human  body 
are  poorly  supported  by  the  restraint  system.  In  typical  systems,  these  Include  the 
head,  arms,  legs,  and  various  soft  tissue  and  internal  organs.  These  structures  often 
must  displace  before  direct  accelerating  forces  can  be  applied  through  structural  attach¬ 
ments.  This  amounts  to  a  functional  "dead  space",  which  effectively  delays  the  onset  of 
acceleration  and  implies  an  eventual  Increased  magnitude  of  acceleration  to  allow  the 
late-starting  member  to  "catch  up".  A  dead  space  mechanism  such  as  this  is  more  obser¬ 
vable  externally  in  tests  with  high  dynamic  preload,  such  as  some  reported  by  Stapp,  in 
which  the  head  and  extremities  are  actually  thrown  forward  during  application  of  preload. 
In  the  tests  reported  here,  the  dead  space  mechanism  would  be  less  observable  and  of 
lower  magnitude,  but  still  may  occur  Internally. 

The  initial  conditions  Imposed  on  the  viscoelastic  system  of  subject,  support,  and 
restraint  are  modified  by  dynamic  preloading.  The  initial  conditions  in  the  decelerator 
tests  are  observably  different  from  those  in  accelerator  tests.  In  the  former,  loads  in 
harnesses  and  forces  on  the  seat  structure  changed  during  the  transition  from  launch  to 
coast.  At  Impact,  therefore,  the  viscoelastic  response  of  the  subject  had  already  begun. 
All  portions  of  the  subject  respond  to  impact  partially  as  springs,  and  tnese  springs  had 
already  begun  to  deform  while  under  dynamic  preload.  Such  anticipatory  deformation  has 
an  effect  similir  to  that  of  removing  simple  dead  space  in  the  sense  that  the  subject 
response  can  follow  the  acceleration  of  the  supporting  structure  more  closely.  However, 
unlike  simple  dead  space,  which  has  no  spring  const*  t,  viscoelastic  deformation  of  the 
entire  structure  must  take  place  under  dynamic  loading  which  produces  whole  body  accel¬ 
eration.  The  overall  effect  simply  cannot  be  dupli  ated  by  static  pretensioning  of  har¬ 
ness  systems  or  by  voluntary  bracing. 

The  apparent  protective  effects  of  dynamic  preload  have  two  significant  implica¬ 
tions.  The  first  is  that  our  assumptions  about  human  tolerance  should  be  re-examined. 

Th-*  ability  of  a  human  to  tolerate  a  high-energy  45  G  impact  with  significant  dynamic 
preload  does  not  imply  that  similarly  capable  subjects  can  tolerate  a  similar  impact 
without  preload.  The  acceleratl on-time  history  prior  to  the  impact  must  be  specified  and 
scaling  laws  must  be  devised  in  order  to  improve  the  comparability  of  tests  conducted  on 
different  Impact  facilities.  The  second  implication  of  these  results  is  more  positive. 

If  dynamic  preload  makes  impact  more  tolerable,  it  should  be  exploitable  in  impact  pro¬ 
tection  systems. 


F  *  %*u‘  v  * 
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Practical  utilization  of  dynamic  preload  requires  that  the  coming  impact  be  sensed 
in  time  to  allow  application  of  the  preload.  During  this  program,  in  Test  Conditions  B 
and  E,  dynamic  preload  was  applied  over  a  period  of  approximately  3  seconds  of  coasting 
and,  in  Test  Conditions  A  and  D,  an  additional  approximate  0.35  G  dynamic  preload  was 
applied  during  the  250  msec  immediately  prior  to  the  impact  event.  For  practical  impact 
protection,  shorter  durations  of  preload  application  may  be  required,  as  well  as  a  means 
to  impose  the  preload  in  coordination  with  the  impact.  Unplanned  impacts,  such  as 
crashes,  would  require  impact  initiation  sensors  at  the  vehicle  periphery  or  beyond  it. 
Planned  impacts,  such  as  ejection  seat  firing,  could  use  preload  during  the  pre-eject'on 
sequence.  For  either  case,  the  minimum  duration  of  a  protective  preload  pulse  must  still 
be  determined.  The  optimum  magnitude  and  duration  will  depend  upon  the  dynamic  mechan¬ 
ical  resporse  properties  of  the  subject  and  restraint  system  and  the  characteristics  of 
the  impact  to  be  experienced.  Furthermore,  the  direction  of  the  preloading  force  should 
be  along  the  impact  force  vector. 

Work  at  AFAMRL  is  continuing  in  order  to  define  practical  applications  of  dynamic 
preload  for  use  in  aircraft  escape  systems.  This  application  is  particularly  attractive, 
since  idealized  preloading  pulses  have  also  been  shown  to  promise  improvement  ir.  the 
displacement-time  performance  of  the  seat  (6).  Thus,  it  may  be  possible  to  improve  the 
performance  of  the  seat,  and  thus  its  envelope,  while  at  the  same  time  imposing  a  protec¬ 
tive  dynamic  preload  on  the  seat  occupant  in  order  to  decrease  the  probability  of  injury. 
The  potential  for  practical  and  realizable  escape  systems  incorporating  dynamic  preload 
will  be  defined  by  measuring  human  response  to  various  characteristic  preloading  wave¬ 
forms  in  vertical  impact. 
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APPENDIX 


TABLE  A 1 

COMPARISON  A-B  (8  G) 


SUMMARY  OF  ELECTRONICALLY  MEASURED 

AND  COMPUTED  DATA  FROM 

WILCOXON 

ANALYSIS 

(Peak  values  are 

tabulated  for 

velocity, 

accelerations  and  loads.) 

(n  =  19) 

TEST  CONDITION 

A 

B 

Significant 

TEST  FACILITY 

Decelerator 

Decelerator 

at  90% 

DYNAMIC  PRELOAD  (G) 

0. 

62 

0. 

25 

Confidence 

Mean 

SD 

Mean 

SD 

SM  SLED  ACCELERATION  (G) 

8.17 

0.20 

8.26 

0.28 

SLED  VELOCITY  (ft/sec) 

27.9 

0.51 

27.7 

0.45 

• 

CHEST  ACCELERATION  (G) 

-X  axis 

-9.48 

1.41 

-9.77 

0.91 

+Z  axis 

5.77 

1.31 

6.40 

1.23 

• 

Resultant 

10.6 

0.89 

10.9 

0.74 

CHEST  SEVERITY  INDEX 

18.6 

1.92 

20.9 

2.65 

• 

HEAD  ACCELERATION  (G) 

-X  axis 

-9.86 

1.78 

-10.4 

2.19 

-Z  axis 

-4.11 

1 .75 

-5.12 

2.79 

• 

Resultant 

10.6 

1.96 

11.6 

2.78 

• 

HEAD  SEVERITY  INDEX 

24.1 

6.69 

27.8 

10.5 

STRAP  LOADS  (lb) 

Total  Shoulder  Straps 

519 

103 

534 

87 

Total  Lap  Belt 

1230 

191 

1270 

179 

• 

SEAT  PAN  LOADS  (lb) 

+Z  axis 

1070 

214 

1120 

215 

• 

Resultant 

1130 

210 

1 1 80 

213 

§ 

TABLE  A2 

COMPARISON  B-C  (8  G) 

SUMMARY  OF  ELECTRONICALLY  MEASURED  AND  COMPUTED  DATA  FROM  WILCOXON  ANALYSIS 
(Peak  values  are  tabulated  for  velocity,  accelerations  and  loads.) 

(n  r  16) 


TEST  CONDITION 

TEST  FACILITY 

B 

Decelerator 

C 

Accelerator 

Significant 
at  90* 

DYNAMIC  PRELOAD  (G) 

SM  SLED  ACCELERATION  (G) 

0 

Mean 

8.23 

.25 

SD 

0.23 

Mean 

8.41 

0 

SD 

0. 16 

Confidence 

a 

SLED  VELOCITY  (ft/sec) 

27.6 

0.36 

27.6 

0.41 

CHEST  ACCELERATION  (G) 

-X  axis 
♦Z  axis 

-9.58 

6.47 

0.79 

1.09 

-9.98 
9. 17 

1.23 

4.34 

ft 

Resultant 

10.8 

0.70 

12.5 

2.97 

ft 

CHEST  SEVERITY  INDEX 

20.8 

2.70 

26.0 

6.53 

ft 

HEAD  ACCELERATION  (G) 

-X  axis 

-10.3 

2.29 

-14.0 

3.29 

ft 

-Z  axis 

-4.85 

2.59 

-10.6 

2.57 

ft 

Resultant 

11.4 

2.82 

16.  * 

3.31 

ft 

HEAL.  SEVERITY  INDEX 

27.0 

9.97 

50.6 

16.0 

ft 

STRAP  LOADS  (lb) 

Total  Shoulder  Straps 

535 

86 

577 

102 

ft 

To‘".l  Lap  Belt 

1280 

183 

1440 

239 

ft 

SEAT  PAN  LOADS  (lb) 

♦Z  axis 

1130 

224 

1220 

236 

ft 

Resultant 

1190 

225 

1260 

235 

ft 
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TABLE  A3 

COMPARISON  A-C  (8  G) 

SUMMARY  OF  ELECTRONICALLY  MEASURED  AND  COMPUTED  DATA  FROM  WILCOXON  ANALYSIS 
values  are  tabulated  for  velocity,  accelerations  and  loads.) 

(n  =  16) 


TEST  CONDITION 

TEST  FACILITY 

A 

Decelerator 

C 

Accelerator 

Significant 
at  90)1 

DYNAMIC  PRELOAD  (G) 

SM  SLED  ACCELERATION  (G) 

0 

Mean 

8.15 

.62 

SD 

0.21 

Mean 

8.41 

0 

SD 

0.16 

Confidence 

• 

SLED  VELOCITY  (ft/sec) 

27.8 

0.32 

27.6 

0.41 

CHEST  ACCELERATION  (G J 

-X  axis 

-9.36 

1.42 

-9.98 

1.23 

ft 

♦Z  axis 

5.99 

1.30 

9.17 

4.34 

ft 

Resultant 

10, 6 

0.84 

12.5 

2.97 

ft 

CHEST  SEVERITY  INDEX 

18.8 

1.91 

26.0 

6.53 

ft 

HEAD  ACCELERATION  (G) 

-X  axis 

-9.97 

1.87 

-14.0 

3.29 

ft 

-Z  axis 

-3.93 

1.65 

-10.6 

2.57 

ft 

Resultant 

10.6 

2.04 

16.8 

3.31 

ft 

HEAD  SEVERITY  INDEX 

23.8 

6.77 

50.8 

16.0 

ft 

STRAP  LOADS  (lb) 

Total  Shoulder  Straps 

526 

101 

577 

102 

ft 

Total  Lap  Belt 

1250 

171 

1440 

239 

ft 

SEAT  PAN  LOADS  (lb) 

+Z  axis 

1  lOO 

215 

1220 

236 

ft 

Resultant 

1160 

216 

1260 

235 

ft 

TABLE  A4 

COMPARISON  D-E  (10  G) 

SUMMARY  OF  ELECTRONICALLY  MEASURED  AND  COMPUTED  DATA  FROM  WILCOXON  ANALYSIS 
(Peak  values  are  tabulated  for  velocity,  accelerations  and  loads.) 

(n  =  17) 


TEST  CONDITION 

TEST  FACILITY 

D 

Decelerat ir 

E 

Decelerator 

Significant 
at  90% 

DYNAMIC  PRELOAD  (G) 

0 

.62 

0. 

26 

Confidence 

SM  SLED  ACCELERATION  (G) 

Mean 

9.82 

SD 

0.19 

Mean 

9.85 

SD 

0.19 

SLED  VELOCITY  (ft/sec) 

30.5 

0.29 

30.4 

0.32 

CHEST  ACCELERATION  (G) 

-X  axis 

-11.7 

1.14 

-12.1 

1.31 

ft 

♦Z  axis  * 

6.51 

1.12 

7.31 

1.33 

ft 

Resultant  t 

12.8 

0.91 

13.3 

0.87 

ft 

CHEST  SEVERITY  INDEX  ♦ 

28. 1 

2.Y2 

30.6 

3.40 

ft 

HEAD  ACCELERATION  (G) 

-X  axis 

-12.3 

2.00 

-12.3 

2.52 

-Z  axis 

-6.62 

3.25 

-7.36 

4.37 

Resultant 

13.8 

3.08 

14.3 

4.20 

HEAD  SEVERITY  INDEX 

40.0 

14.4 

42.1 

18.5 

STRAP  LOADS  (lb) 

Total  Shoulder  Straps 

Total  Lap  Belt  • 

666 

110 

677 

113 

1530 

216 

1550 

219 

SEAT  PAN  LOADS  (lb) 

*Z  axis 

1290 

236 

1320 

238 

Resultant 

1350 

235 

1380 

233 

(t  These  parameters  based  on  n  s  Ik  due  to  partial  data  loss  in  three  tests.) 
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TABLE  A5 

COMPARISON  E-F  (10  G) 

SUMMARY  OF  ELECTRONICALLY  MEASURED  AND  COMPUTED  DATA  FROM  WILCOXON  ANALYSIS 
(Peak  values  are  tabulated  for  velocity,  accelerations  and  loads.) 

(n  =  12) 


TEST  CONDITION 

E 

F 

Significant 

TEST  FACILITY 

Decelerator 

Ace-’ 

lerator 

at  90% 

DYNAMIC  PRELOAD  (G) 

0. 

26 

0 

Confidence 

Mean 

SD 

Mean 

SD 

SM  SLED  ACCELERATION  (G) 

9.91 

0.19 

9.55 

0.22 

« 

SLED  VELOCITY  (ft/sec) 

CHEST  ACCELERATION  (G) 

30.5 

0.34 

30.4 

0.50 

-X  axis 

-12.2 

1.32 

-11.7 

1.51 

+Z  axis 

7.46 

0.91 

10.3 

4.17 

* 

Resultant 

13.3 

0.96 

14.2 

2.70 

CHEST  SEVERITY  INDEX 

HEAD  ACCELERATION  (G) 

31.2 

3.33 

33.5 

6.33 

-X  axis 

-12.2 

2.42 

-15.0 

2.70 

« 

-Z  axis 

-7.15 

3.67 

-11.5 

2.72 

« 

Resultant 

14.0 

3.76 

18.4 

3-32 

« 

HEAD  SEVERITY  INDEX 

STRAP  LOADS  (lb) 

41.6 

17.4 

*4.8 

17.6 

• 

Total  Shoulder  Straps 

676 

116 

665 

99 

Total  Lap  Belt 

SEAT  PAN  LOADS  (lb) 

1590 

167 

1680 

246 

« 

+Z  axis 

1330 

198 

1410 

193 

« 

Resultant 

1390 

201 

1460 

193 

TABLE  A6 

COMPARISON  D-F  (10  G) 

SUMMARY  OF  ELECTRONICALLY  MEASURED  AND  COMPUTED  DATA  FROM  WILCOXON  ANALYSIS 
(Peak  values  are  tabulated  for  velocity,  accelerations  and  loads.) 

(n  =  12) 


TEST  CONDITION 

D 

F 

Significant 

TEST  FACILITY 

Decelerator 

Accelerator 

at  90% 

DYNAMIC  PRELOAD  (G) 

0 

.62 

0 

Confidence 

Mec.*> 

SD 

Mean 

SD 

SM  SLED  ACCELERATION  (G) 

9.85 

0.21 

9.55 

0.22 

• 

SLED  VELOCITY  (ft/sec) 

CHEST  ACCELERATION  (G) 

30.5 

0.32 

30.4 

0.50 

-X  axis 

-11.5 

1.19 

-11.7 

1.51 

+Z  axis  ♦ 

6.79 

0.78 

10.0 

4.50 

• 

Resultant  » 

12.8 

1.06 

14.0 

2.92 

CHEST  SEVERITY  INDEX  ♦ 

HEAD  ACCELERATION  (G) 

28.7 

3.03 

32.8 

6.74 

-X  axis 

-12.3 

1.94 

-15.0 

2.70 

• 

-Z  axis 

-6.12 

2.39 

-11.5 

2.72 

« 

Resultant 

13.5 

2.38 

18.4 

3.32 

• 

HEAD  SEVERITY  INDEX 

STRAP  LOADS  (lb) 

39.9 

13.5 

64.8 

17.6 

« 

Total  Shoulder  Straps 

668 

108 

665 

99 

Total  Lap  Belt  ^ 

SEAT  PAN  LOADS  (lb) 

1550 

190 

1680 

241 

« 

+Z  axis 

1300 

182 

1410 

193 

« 

Resultant 

1350 

185 

1460 

193 

« 

(t  These  parameters  based  on  n  s  10  due  to  partial  data  loss  in  two  tests.) 
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DISCUSSION 


S.  P.  DESJARDINS  (US) 

Comments  Your  findings  are  of  special  interest  in  our  understanding  and 
influencing  energy-absorbing  seat  performance.  The  new  crashworthy  US  Army  heli¬ 
copters  include  energy-absorbing  landing  gear  which  provides  the  preload  and  thus 
perhaps  the  benefits  you  describe  in  your  paper.  In  our  qualification  drop  test  of 
the  AH-64A  crewseat  we  simulated  the  energy-absorbing  stroke  of  the  gear  in  our 
test  pulse.  Tne  seat  performance  was  superior  with  fewer  high  amplitude  transients 
than  measured  on  other  seats  where  the  standard  triangular  test  pulse  was  used. 

AUTHOR 

In  the  helicopter  described,  the  downward,  passive  stroking  landing  gear  will 
modify  the  vertical  acceleration  measured  at  the  seat.  If  this  modification  takes 
the  form  of  +GZ  acceleration  preceding  and  continuous  with  the  +GZ  impact  event, 
then  dynamic  preload,  by  our  definition,  will  have  been  applied  to  the  seat  and 
occupant.  The  effects  of  such  anticipatory  vertical  acceleration  on  human  impact 
response  will  be  investigated  in  a  future  test  program  at  AFAMRL. 

However,  a  distinction  must  be  drawn  between  downward,  passive  stroking  or  energy¬ 
absorbing  seats  and  upward,  active  stroking  mechanisms  by  which  vertical  dynamic 
preload  conceivably  may  be  applied  to  a  seat  occupant.  The  former  appear  to 
impart  a  beneficial  effect  during  the  impact  event  by  limiting  the  imposed  accel¬ 
eration.  On  the  other  hand,  the  latter  would  impose  an  acceleration  before  an 
anticipated  impact  and,  in  so  doing,  better  prepare  the  seat  occupant  viscoelasti- 
cally  for  the  event.  (It  may  also  be  conceivable  that  an  upward,  active  stroke 
could  be  utilized  in  conjunction  with  a  later  downward,  passive  stroke  to  combine 
the  beneficial  effects  of  each  protection  technique.)  The  timing,  amplitude,  and 
duration  of  this  dynamic  preload  pulse  would  be  critical  in  order  to  have  a  bene¬ 
ficial  effect.  The  effects  of  variations  in  these  preload  parameters  are  the  sub¬ 
ject  of  a  current  AFAMRL  human  test  program. 

DR.  D.  J.  THOMAS  (US) 

1.  What  was  the  head  and  neck  initial  condition  variability  within  subjects  be¬ 
tween  runs? 

2.  What  was  the  angular  acceleration  of  the  head  for  each  run  and  was  this 
accounted  for  in  the  statistical  analysis  of  the  acceleration  peaks  measured  at 
the  mouth? 

3.  What  is  unique  about  the  preloading  effect  that  cannot  be  explained  by 
variation  due  to  initial  condition,  head  angular  acceleration  resopnse,  and  force¬ 
ful  loading  of  the  restraint  system,  all  of  which  are  well  described  from  prior 
experiments? 

AUTHOR 

1.  The  test  seat  and  restraint  geometry  was  not  varied  during  this  test  program. 
The  vertical  position  of  the  headrest  was  varied  among  subjects,  but  was  the  same 
for  a  given  subject  in  all  test  conditions.  To  further  minimize  variations  in  the 
head-neck  initial  condlton  prior  to  each  experiment,  subjects  were  instructed  to 
assume  the  same  body  position  they  had  assumed  in  previous  tests.  In  particular, 
each  subject  was  asked  to  keep  his  head  back  against  the  headrest  (head  up,  chin 
up)  and  to  maintain  a  mild  to  moderate  amount  of  neck  muscle  tension.  Proper  head 
position  was  verified  by  the  test  conductor  prior  to  each  experiment. 

In  addition,  the  effects  of  variations  in  initial  conditions  among  subjects  on  data 
analysis  were  minimized  by  use  of  the  Wllcoxon  paired-replicate  rank  test  to 
establish  the  statistical  significance  of  results.  In  this  technique,  the  test 
results  of  each  subject  are  compared  only  to  that  subject’s  results  in  other  test 
conditions.  Thus,  each  subject  is  his  own  control,  minimizing  the  Influence  of 
biological  variability  and  small  differences  in  initial  positions  among  subjects 
on  data  analysis. 

2.  Direct  measurements  of  angular  head  accelerations  were  not  made  in  this  study. 

A  trlaxlal  translational  accelerometer  package  was  used  to  obtain  the  head  (and 
chest)  acceleration  data.  This  device,  of  course,  measured  translational  accel¬ 
eration  components  summed  with  translational  components  resulting  from  angular 
motions.  The  rotational  motion  of  the  head  was  measured  photometrically.  These 
data  are  being  analyzed  to  derive  head  angular  velocities  and  accelerations. 

3.  The  static  initial  conditions  in  the  present  study  were  very  carefully 
controlled  to  minimize  variations  in,  e.g.,  subject  position  and  bracing  as  well  as 
static  pretensioning  of  the  restraint.  In  addition,  the  impact  event  profiles  at 
comparable  test  levels  were  nearly  identical.  The  observed  response  differences  in 
the  test  conditions  must,  therefore,  be  attributed  to  the  differences  in  the  pre- 
event  acceleration  time  history. 
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Dynamic  preload  may  be  distinguished  from  other  impact  protection  techniques  in 
that  it  does  not  require  active  participation  of  the  subject  and,  more  impor¬ 
tantly,  in  that  it  involves  a  whole  body  viscoelastic  preparation  of  the  subject 
for  the  impact  event.  The  potential  aerospace  applications  of  dynamic  preload 
also  set  it  apart  from  other  protection  techniques.  If  vertical  preload  pulses 
can  be  demonstrated  to  ammeloriate  human  response  to  subsequent  vertical  impact, 
then  utilizing  dynamic  preload  prior  to  current  ejection  seat  profiles  would  be 
expected  to  reduce  crewmember  morbidity  during  emergency  escape.  At  the  same 
time,  such  an  impulsive  velocity  change  will  improve  the  displacement-time  perfor¬ 
mance  of  the  ejection  seat.  A  single  modification  to  the  acceleration  profile 
could,  therefore,  conceivably  have  two  separate,  beneficial  effects.  Similar 
effects  are  not  seen  with  other  protection  techniques. 


D31-1 


DISCUSSION 


S.  P.  DESJARDINS  (US) 

Comment:  Your  findings  are  of  special  interest  in  our  understanding  and 
influencing  energy -absorbing  seat  performance.  The  new  crashworthy  US  Army  heli¬ 
copters  include  energy-absorbing  landing  gear  which  provider  the  preload  and  thus 
perhaps  the  benefits  you  describe  in  your  paper.  In  our  qualification  drop  test  of 
the  AH-64A  crewseat  we  simulated  the  energy-absorbing  stroke  of  the  gear  in  our 
test  pulse.  The  seat  performance  was  superior  with  fewer  high  amplitude  transients 
than  measured  on  other  seats  where  the  standard  triangular  test  pulse  was  used. 

AUTHOR 

In  the  helicopter  described,  the  downward,  passive  stroking  landing  gear  will 
modify  the  vertical  acceleration  measured  at  the  seat.  If  this- modification  takes 
the  form  of  +GZ  acceleration  preceding  and  continuous  with  the  +GZ  Impact  event, 
then  dynamic  preload,  by  our  definition,  will  have  been  applied  to  the  seat  and 
occupant.  The  effects  of  such  anticipatory  vertical  acceleration  on  human  impact 
response  will  be  investigated  in  a  future  test  program  at  AFAMRL. 

However,  a  distinction  must  be  drawn  between  downward,  passive  stroking  or  energy¬ 
absorbing  seats  and  upward,  active  stroking  mechanisms  by  which  vertical  dynamic 
preload  conceivably  may  be  applied  to  a  seat  occupant.  The  former  appear  to 
impart  a  beneficial  effect  during  the  impact  event  by  limiting  the  imposed  accel¬ 
eration.  On  the  other  hand,  the  latter  would  impose  an  acceleration  before  an 
anticipated  impact  and,  In  so  doing,  better  prepare  the  seat  occupant  vlscoelastl- 
cally  for  the  event.  (It  may  also  be  conceivable  that  an  upward,  active  stroke 
could  be  utilized  in  conjunction  with  a  later  downward,  passive  stroke  to  combine 
the  beneficial  effects  of  each  protection  technique.)  The  timing,  amplitude,  and 
duration  of  this  dynamic  preload  pulse  would  be  critical  in  order  to  have  a  bene¬ 
ficial  effect.  The  effects  of  variations  ?n  these  preload  parameters  are  the  sub¬ 
ject  of  a  current  AFAMRL  human  teat  program. 

DR.  D.  J.  THOMAS  (US) 

1.  What  was  the  head  and  neck  initial  condition  variability  within  subjects  be¬ 
tween  runs? 

2.  What  was  the  angular  acceleration  of  the  head  for  each  run  and  was  this 
accounted  for  in  the  statistical  analysis  of  the  acceleration  peaks  measured  at 
the  mouth? 

3.  What  is  unique  about  the  preloading  effect  that  cannot  be  explained  by 
variation  due  to  initial  condition,  head  angular  acceleration  resopnse,  and  force¬ 
ful  loading  of  the  restraint  system,  all  of  which  are  well  described  from  prior 
experiments? 

AUTHOR 

1.  The  test  seat  and  restraint  geometry  was  not  varied  during  this  test  program. 

The  vertical  position  of  the  headrest  was  varied  among  subjects,  but  was  the  same 

for  a  given  subject  ir.  til  test  conditions.  To  further  minimize  variations  in  the 
head-neck  initial  conditon  prior  to  each  experiment,  subjects  were  instructed  to 
assume  the  same  body  position  they  had  assumed  in  previous  teats.  In  particular, 
each  subject  was  asked  to  keep  his  head  back  against  the  headrest  (head  up,  chin 
up)  and  to  maintain  a  mild  to  moderate  amount  of  neck  muscle  tension.  Proper  head 
position  was  verified  by  the  test  conductor  prior  to  each  experiment. 

In  addition,  the  effects  of  variations  in  initial  conditions  among  subjects  on  data 

analysis  were  minimized  by  use  of  the  Wllcoxon  paired-replicate  rank  teat  to 
establish  the  statistical  significance  of  results.  In  this  technique,  the  test 
results  of  each  subject  are  compared  only  to  that  subject's  results  in  other  test 
conditions.  Thus,  each  subject  la  his  own  control,  minimizing  the  influence  of 
biological  variability  and  small  differences  in  initial  positions  among  subjects 
on  data  analysis. 

2.  Direct  measurements  of  angular  head  accelerations  were  not  made  in  this  study. 

A  trlaxlal  translational  accelerometer  package  was  used  to  obtain  the  head  (and 
chest)  acceleration  data.  This  device,  of  course,  measured  translational  accel¬ 
eration  components  summed  with  translational  components  resulting  from  angular 
motions.  The  rotational  motion  of  the  head  was  measured  photometrically.  These 
data  are  being  analyzed  to  derive  head  angular  velocities  and  accelerations. 

3.  The  static  initial  conditions  in  the  present  study  wnre  very  carefully 
controlled  to  minimize  variations  in,  e.g.,  subject  position  and  bracing  as  well  aa 
static  pretenslonlng  of  the  restraint.  In  addition,  the  impact  event  profiles  at 
comparable  test  levels  were  nearly  identical.  The  observed  response  differences  in 
the  test  conditions  must,  therefore,  be  attributed  to  the  differences  in  the  pre¬ 
event  acceleration  time  hlatory. 
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Dynamic  preload  may  be  distinguished  from  other  impact  protection  techniques  in 
that  it  does  not  require  active  participation  of  the  subject  and,  more  impor¬ 
tantly,  in  that  it  involves  a  whole  body  viscoelastic  preparation  of  the  subject 
for  the  impact  event.  The  potential  aerospace  applications  of  dynamic  preload 
also  set  it  apart  from  other  protection  techniques.  If  vertical  preload  pulses 
can  be  demonstrated  to  ammeloriate  human  response  to  subsequent  vertical  Impact, 
then  utilizing  dynamic  preload  prior  to  current  ejection  seat  profiles  would  be 
expected  to  reduce  crewmember  morbidity  during  emergency  escape.  At  the  same 
time,  such  an  impulsive  velocity  change  will  improve  the  displacement-time  perfor¬ 
mance  of  the  ejection  seat.  A  single  modification  to  the  acceleration  profile 
could,  therefore,  conceivably  have  two  separate,  beneficial  effects.  Similar 
effects  are  not  seen  with  other  protection  techniques. 


32-1 


HEAD  PROTECTION  FOR  ROAD  USERS  WITH 
PARTICULAR  REFERENCE  TO  HELMETS  FOR  MOTORCYCLISTS 


Jocelyn  B  Pedder  :  Research  Fellow 

Stephen  B  Hagues  :  Research  Associate 

C. Murray  Mackay  :  Head  of  Accident  Research  Unit 

Accident  Research  Unit,  Department  of 
Transportation  and  Environmental  Planning 
University  of  Birmingham,  P.O.Box  No.  363  , 
Birmingham  B15,  2TT ,  England. 


SUMMARY 

This  paper  considers  the  iverall  problem  of  head  injuries  resulting  from  road  traffic 
accidents.  The  mechanism  of  head  injuries  and  the  development  of  human  tolerance  crit¬ 
eria  is  briefly  discussed.  An  accident  sample  of  fatally  and  seriously  injured  two- 
uheeled  motor  vehicle  (TWMV)  riders  is  examined.  Data  on  the  performance  of  the  riders' 
helmets  and  the  nature  of  the  riders'  head  injuries  are  presented.  This  information 
is  used  to  assess  the  protective  value  of  current  designs  worn  by  the  casualties.  A 
comparison  of  the  two  groups  of  riders  highlights  the  outstanding  severity  of  head 
injuries  sustained  by  the  fatalities.  In  light  of  this  field  data,  comments  are  made 
on  the  relevance  of  existing  specifications  for  protective  helmets. 


HEAD  INJURIES 


Incidence 

Head  injuries  and  attempts  to  prevent  or  mitigate  their  occurrence  by  the  use  of 
helmets  have  been  reported  since  earliest  recorded  history  (1).  In  present  times,  they 
are  a  primary  contributory  cause  of  death,  disability  and  illness,  especially  among 
young  people  (2,3).  Road  traffic  accidents  account  for  a  large  percentage  of  serious 
and  fatal  head  injuries.  They  are  the  most  frequent  serious  injuries  inflicted  on  all 
major  categories  of  road  users;  car  occupants,  pedestrians  and  motorcyclists. 

The  real  incidence  of  head  injuries  resulting  from  road  traffic  accidents,  however, 
is  difficu't  to  ascertain.  National  published  road  accident  figures  based  on  police 
reported  accidents  are  likely  to  be  an  underestimation  (4).  The  contribution  of 
'slight*  head  injuries  to  the  overall  problem  is  typically  overlooked  in  published 
statistics  although  their  occurrence  may  be  a  considerable  drain  on  hospital  resources 
(5).  Furthermore,  the  type  of  injury  which  results  in  a  single  overnight  stay  in 
hospital  may  well  involve  periods  off  work  of  between  1  and  5  weeks. 

Seve  rity 

In  practice,  a  head  injury  may  refer  to  any  degree  of  harm  or  damage;  from  a  minor 
bump  which  causes  no  more  than  slight  and  momentary  discomfort  to  a  violent  blow  which 
causes  gross  injuries  resulting  in  death.  In  an  attempt  to  quantify  the  severity  of 
the  hesd  injury,  several  scales  have  been  developed. 

The  most  commonly  used  measures  define  the  severity  of  head  injury  in  terms  of 
disturbances  to  the  consciousness.  The  duration  of  post-traumatic  amnesia  (PTA)  is  a 
measure  developed  primarily  by  Russell  who  also  recognised  its  limitations  (6).  PTA 
must  be  interpreted  and  recorded  by  skilled  meoical  staff  and  it  takes  no  account  of 
local  injury  to  the  brain  or  cranial  nerves.  In  an  attempt  to  facilitate  a  more 
precise  definition  of  the  severity  of  head  injury  Teasdale  and  Jennett  developed  the 
Glasgow  Coma  Scale  (7).  This  scale  grades  observations  which  can  be  made  reliably  by 
junior  medical  staff  upon  whom,  in  practice,  monitoring  of  head  injury  often  depends. 

The  Abbreviated  Injury  Scale  (AIS)  which  was  originally  developed  to  provide  trauma 
researchers  with  a  single  system  for  identifying  the  severity  of  injuries  has  recently 
been  substantially  modified  for  the  coding  of  brain  injury  (8).  Brain  injuries  are 
now  coded  in  two  ways;  first  they  are  described  in  terms  of  anatomic  lesions  and 
secondly,  using  clinical  diagnosis,  in  terms  of  level  consciousness.  The  correlation 
of  AIS-80  Brain  scores  to  a  series  of  established  severity  measures  including  the 
Glasgow  Coma  Scale  has  been  reported  to  be  good  (9). 

Other  measures  of  severity  have  been  based  on  the  long  term  consequences  of  the 
head  injury.  Severity  has  been  defined  in  terms  of  the  physical,  intellectual  or 
emotional  disabilities,  financial  or  social  losses  (10,  11).  However,  because  of  the 
complexity  and  diversity  of  injury  and  sequelae  international  and  even  national  agree¬ 
ment  on  the  parameters  for  defining  the  severity  of  head  injury  still  remain  elusive. 

The  continuing  high  incidence  of  head  injuries  among  road  traffic  accident 
casualties  emphasises  the  importance  of  head  protection.  In  order  to  consider  how 
the  head  may  be  best  protected,  there  is  a  need  to  understand  the  injury  mechanisms 
and  to  establish  the  human  head  injury  tolerance  levels. 
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Head  injuries  can  be  described  under  the  following  headings:  scalp  lacerations 
or  subgaleal  haemotoma  skull  fracture  either  linear,  depressed  or  perforating,  intra¬ 
cranial  clot  either  epidural  or  subdural  and  brain  injury,  either  contusion,  laceration 
intracerebral  clot  and  concussion  (12).  They  are  primarily  caused  by  three  types  of 
blow;  (i)  indirect  -  cauaed  when  the  head  is  accelerated  as  a  result  of  impacts  to 
other  parts  of  the  body;  (ii)  penetrating  -  injuries  froic  high  speed  projectiles,  e.g. 
bullets;  (iii)  direct  blunt  impacts  -  these  are  the  most  common  cause  of  head  injuries 
in  road  traffic  accidents. 

The  most  important  featureof  head  injuries  both  clinically  and  in  terms  of  ultimate 
outcome,  is  the  damage  sustained  by  the  brain  (13).  So  for  these  reasons  and  in  view 
of  the  concentration  of  research  work  into  this  area  the  following  discussions  shall 
largely  concentrate  on  the  mechanisms  of  brain  damage  following  blunt  impacts  to  the 
head . 

Mechanisms 


Considerable  efforts  have  been  directed  at  explaining  the  mechanism  of  cerebral 
concussion.  This  probably  reflects  both  the  prevalence  and  clinical  importance  of  this 
type  of  injury  to  road  accident  casualties.  Three  main  hypothesis  which  aim  to  explain 
the  mechanism  of  cerebral  concussion  have  been  formulated  and  investigated. 

One  theory  suggests  that  a  combination  of  stretching  and  bending  of  the  upper 
cervical  cord  may  be  the  primary  mechanism  of  concussion  (14).  A  second  theory  proposes 
that  deceleration  and  acceleration  forces  du  to  impact,  result  in  pressure  gradients 
(15,  16).  These  may  injure  the  cranial  contacts  through  shear  stresses  at  the  cranio¬ 
spinal  junction  areas  or  cause  negative  pressure  induced  cavitation  lesions  opposite  to 
the  impact  site,  the  so  called  'contrecoup'  injuries. 

A  third  theory,  originally  developed  by  Holbourn  in  1943  (17)  suggests  that  there 
are  two  main  causes  of  head  injury;  deformation  of  the  skull  with  or  without  fracture 
causing  brain  injury  close  to  the  impact  site,  and  sudden  rotation  of  the  head  which 
results  in  contrecoup  injuries,  for  some  intracranial  haemorrhages  and  for  some 
concuss  ion  ( 18) . 

An  extensive  body  of  research  literature  has  been  concerned  with  the  cons i der s t i on 
and  investigation  of  the  mechanisms  of  concussion  as  outlined  by  these  main  hypotheses. 
Recent  work  reflects  the  main  ongoing  debate,  that  is  the  relative  contribution  of 
translational  versus  rotational  acceleration  to  brain  injuries.  However,  there  is  an 
overall  consensus  that  both  components  of  acceleration  may  cause  brain  damage,  and  in 
practice,  head  impacts  will  typically  result  in  both  linear  and  angular  movement. 

Tolerance 


In  addition  to  understanding  the  mechanism  of  head  injuries  it  is  necessary  to 
establish  human  tolerance  to  impact  if  effective  impact  protection  is  to  be  designed. 
The  establishment  of  human  tolerance  data  has  primarily  resulted  from  work  in  the 
following  areas;  experimental  animal  tests,  cadaver  experiments,  human  volunteers, 
mechenical  models  and  mathematical  models,  real  accident  data.  By  these  methods 
several  lypes  of  head  injury  tolerances  have  bt*n  developed.  The  two  most  widely  used 
are ; 


\ 


(i)  The  Head  Injury  Criteria  (HIC)  ,  (19)  currently  used  in 
most  international  standards 

(ii)  An  Angular  Acceleration  Limit  (20),  under  consideration  for 
possible  inclusion  in  some  European  helmet  standards. 

Newman  (21)  recently  questioned  the  velidity  of  HIC  as  a  measurement  of  the  likeli¬ 
hood  or  severity  of  head  injury  and  considered  alternstive  methods  of  assessing  head 
injuries.  In  light  of  Newman’s  deteiled  anelyses,  there  is  little  value  in  commenting 
further  on  the  validity  of  HIC  here.  However,  it  seems  likely  that  in  order  to  maximise 
head  protection  devices,  several  types  of  tolerance  levels  will  need  to  be  considered. 

The  ultimete  aim  of  safety  design  is  to  prevent  e  head  impect  from  occurring.  If 
an  impact  is  unavoidable  the  aim  of  the  safety  engineer  is  to  ensure  thet  the  structure 
of  the  contact  surface  or  the  protective  head-geer  will  deform  in  such  a  manner  that 
only  tolerable  forces  and  ecceleration  will  be  applied  to  the  head. 

HEAP  INJURY  PREVENTION 

Cer  Occupants 

One  of  the  main  benefits  of  seat  belts  is  the  reduction  of  the  incidence  of'  head 
contacts.  In  a  « ample  of  insurance  claim  car  accidents,  Boh  1 in  (22)  showed  lust  the 
incidence  of  serious  heed  injuries  was  reduced  by  70Z  for  drivers  end  85Z  for  front 
seat  passengers.  However,  one  of  the  characteristics  of  even  e  correctly  worn  seat 
belt  is  the  head  or  fece  contect  with  the  steering  wheel  which  is  unavoidable  for  the 
driver  in  even  moderete  speed  collisions.  Current  European  test  methods  do  not  satis¬ 
factorily  examine  this  aspect  of  steering  vheel  performance  (23). 
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Pedestrians 

A  number  of  studies  record  the  predominance  of  head  injuries  in  pedestrian  casualties 
(24).  Research  has  shown  that  life  threatening  or  fatal  head  injuries  are  more  often 
caused  by  vehicle  contact  than  road  contact,  and  that  these  injuries  are  more  likely  to 
be  caused  by  contacts  with  the  windscreen  frame  than  with  the  top  of  the  bonnet  (25). 
Ashton  (26)  examined  the  likely  effects  of  two  types  of  car  modifications  on  the  severity 
of  pedestrian  injuries.  He  concluded  that  the  adoption  of  fully  compliant  frontal  car 
structures  would  overall  afford  the  greatest  reduction  in  injury  severity. 

Two  Wheeled  Motor  Vehicles 


In  the  past  decade  there  has  been  a  substantial  increase  in  two  wheeled  motor 
vehicle  (TWMV)  use.  With  the  growth  in  TWMV  use  there  has  been  an  associated  increase 
in  the  numbers  of  TWMV  casualties.  As  fuel  and  car  running  costs  continue  to  increase 
it  seems  likely  that  TWMVs  will  remain  a  popular  mode  of  transport. 

The  susceptibility  of  TWMV  riders  to  serious  and  fatal  head  injuries  is  well 
documented  (24,27).  A  number  of  studies  have  shown  that  the  helmet  is  an  effective 
means  of  preventing  or  mitigating  head  injuries  amongst  these  road  users  (28,29).  A 
study  of  the  effect  of  helmet  law  repeal  in  four  States  in  the  U.S.A.  concludes  that 
unhelmeted  riders  are  two  times  more  likely  to  incur  a  head  injury  of  any  type  and  at 
least  three  times  more  likely  to  incur  a  fatal  head  injury  than  helmeted  riders  (30). 
Although  the  effectiveness  of  helmets  has  been  clearly  demonstrated  there  remains  a 
need  to  establish  the  best  method  of  protecting  the  head. 

Current  Helmet  Design 

The  obvious  function  of  the  helmet  is  to  protect  the  rider’s  head  in  an  impact 
situation.  Ideally,  the  helmet  should  stay  on  the  rider's  head  throughout  the  entire 
accident  sequence  and  provide  maximal  protection  against  direct  blows,  sharp  penetration 
and  abrasive  surface  contacts.  In  addition  to  this  primary  role,  the  helmet  should  be 
comfortable  and  aesthetically  acceptable  to  the  wearer,  and  it  should  be  financially 
attractive  to  both  the  manufacturer  and  the  rider.  Finally,  the  helmet  should  fulfil 
the  requirements  of  safety  standards. 

The  above  considerations  in  conjunction  with  current  manufacturing  techniques  and 
materials  result  in  helmets  with  four  main  components: 

(i)  The  Outer  Shel  1  .  The  primary  purpose  of  the  outer  shell  is  to 
distribute  the  impact  load  over  a  large  area.  It  may  also  provide 
resistance  to  penetration  by  sharp  objects  and  protect  the  rider's 
head  from  abrasive  surfaces.  In  addition,  the  shell  may  absorb  some 
of  the  energy  of  the  impact. 

(ii)  The  'Energy-absorbing'  Lining.  The  main  purpose  of  this  lining  is 
to  absorb  the  impact  energy.  Most  modern  helmets  use  expanded  poly¬ 
styrene  bead  foam  material;  energy-absorption  is  achieved  through  the 
complete  or  partial  destruction  of  this  material. 

(iii)  The  Inner  'Comfort'  Lining.  This  lining,  typically  foam-backed 
fabric,  is  to  ensure  that  the  helmet  is  a  comfortable  fit  and  to 
accommodate  different  head  shapes. 

(iv)  The  Retention  System.  Designed  to  hold  the  helmet  in  position  on 
the  ride  r ' s  head ,  tKe  most  popular  method  is  straps.  These  are 
secured  to  each  side  of  the  helmet  shell  and  secured  under  the  riders 
chin,  with  a  fastening  device. 

Although  contemporary  helmets  may  appear  fundamentally  similar,  there  are  differences 
in  the  outer  shell  material,  the  extent  of  e ne rgy-absorb i ng  liner  and  the  type  of  re¬ 
tention.  These  differences  and  the  performance  of  the  helmets  worn  by  an  accident  sample 
of  fatally  and  seriously  injured  TWMV  riders  will  be  considered  in  the  following  section 
of  this  paper. 

THE  ACCIDENT  SAMPLE 


The  accident  sample  has  been  collected  by  'in-depth'  investigations  conducted  by 
a  research  team  within  the  Accident  Research  Unit,  University  of  Birmingham.  The 
primary  aims  of  this  work  are  to  provide  the  British  Covernment  with  information  on  the 
patterns  of  injuries  sustained  by  a  sample  of  fatally  and  seriously  injured  TWMV  riders, 
the  sources  of  these  injuries,  and  the  protective  value  of  current  designs  of  crash 
helmets.  The  first  part  of  the  research  programme,  a  study  of  fatal  TWMV  accidents,  is 
now  complete,  whilst  the  study  of  seriously  injured  riders  continues. 

In  this  paper  the  physical  behaviour  of  the  riders’  helmets  is  described  and  then 
used  with  associated  head  injury  information  and  accident  data  to  assess  the  limits  of 
protection  afforded  by  current  designs  of  helmets. 

British  Helmet  Regulations 

In  Creat  Britain,  with  the  exception  of  turbaned  followers  of  the  Sikh  religion,  it 
is  compulsory  for  all  TUMV  riders  to  wear  protective  helmets  (31).  This  headgear  must 
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comply  with  one  of  the  British  Standard  Specifications  for  protective  helmets  or 
afford  similar  or  greater  protection  than  specified  in  these  standards.  Helmets  sold 
in  Great  Britain  for  road  ise  must,  hcwever,  comply  with  one  of  two  current  British 
Standards. 

The  two  current  British  Standards  for  protective  helmets  for  vehicle  users  are: 

(i)  BS  5361  (32).  published  in  1976  and  replacing  previous  standards; 

BS  2001:1972  and  BS  1869:1960. 

(ii)  BS  2495/77  (33),  the  1977  revision  of  BS  2495  which  was  first  published 
in  1954. 

The  main  difference  between  the  two  standards  is  the  slightly  more  severe  impact  test 
requirements  specified  in  BS  2495/77.  The  British  Standards  prescribe  a  minimum  level 
of  performance  and  a  sample  of  all  helmets  are  tested  to  ensure  compliance  with  these 
specifications.  The  main  difference  between  the  British  helmet  standards  and  tuose  of 
other  countries  lies  in  the  shock  absorpeion  test  method  and  the  measurements  taken. 

In  the  British  Standards  a  swing-away  test  method  is  useu  in  which  a  headform  is 
mounted  on  an  arc  which  pivots  about  a  horizontal  axis  (54).  A  recording  is  made  of 
the  deceleration  of  the  striker  against  time. 

The  main  requirements  and  corresponding  test  methods  in  British  Standards  and  those 
of  other  countries  relate  to: 

(i)  The  extent  of  protection  and  peripheral  vision. 

(ii)  The  shock  absorption  properties  of  the  complete  helmet  assembly. 

(iii)  The  penetration  resistance. 

(iv)  The  strength  of  the  retention  ystem. 

The  relevance  of  these  specifications  will  be  examined  in  light  of  the  accident  findings. 


THE  FATALITIES 


The  Sample 

In  an  attempt  to  examine  the  representativeness  of  the  accident  sample,  statistical 
comparisons  between  certain  characteristics  of  the  sample  and  national  data  were  carried 
out.  There  is  no  significant  difference  between  the  sample  and  national  data  for  the 
accident  location,  in  terms  of  'built-up'  areas,  road  surface  conditions  and  lighting 
condictions.  (y2  values  are  0.0005,  0.0543,  and  2.3911  respectively). 

The  age  distribution  of  the  driver  fatalities  in  the  accident  sample  (all  males) 
was  also  compared  vith  equivalent  national  figures.  There  is  no  significant  difference 
between  the  sample  and  national  data  at  the  5%  level  of  confidence,  (x^  ■  9.9175). 

A  total  of  197  fatal  TUMV  accidents  involving  205  fatally  injured  riders  were 
studied,  186  (91. 2  Z )  of  these  riders  were  aged  16-29  years  with  117  (57. 4  Z )  in  the 
16-19  year  age  group.  There  were  196  (95.6%)  males.  Ttie  accidents  occurred  in  and 
around  Birmingham.  A  non-specific  sampling  scheme  was  used.  Typically,  investigations 
were  initiated  one  cr  two  dsys  « f  t?  r  ths  sccid‘?!t  h  ««j  occurred ,  The  met  ’ood  of 
investigation  is  described  in  detail  elsewhere  (27).  In  brief  the  accident  scene  was 
visited,  the  involved  vehicles  were  examined  sad  whenever  possible  the  helmets  were 
obtained. 

Helmet  Status 

Only  4  of  the  riders  were  not  wearing  helmets  at  the  time  of  their  accidents. 

These  casualties,  3  of  whom  sustained  fatal  head  injuries,  have  been  excluded  from  the 
following  discussion.  A  further  3  riders  who  died  as  a  result  of  their  helmeted  heads 
being  run  over  have  also  been  excluded.  It  was  established  that  66  of  the  remaining  198 
helmeted  riders  lost  their  helmets  at  some  time  during  the  accidents.  The  helmets  worn 
by  86  riders  remained  in  position.  In  the  remaining  46  cases  there  was  insufficient 
reliable  information  to  allow  this  distinction  to  be  made.  The  following  discussions 
will  consider  only  the  152  riders  whose  helmet  status  following  the  accident  was  firmly 
established. 

Helmet  Type  and  Certification 

There  were  89(66.9%)  ‘full-face’  or  'integral*  style  helmets  and  40  (30.1%)  'open- 
face'  or  'jet'  style  helmets.  In  addition,  one  helmet  had  a  chin  guard  rivetted  to  the 
helmet  shell  and  one  full-fsce  design  helmet  had  been  're-styled'  by  the  owner  with  the 
removal  of  part  of  the  chin  guard.  Twohelmets  were  of  the  old  'pudding-basin'  style. 
There  was  no  information  available  on  the  types  of  the  remaining  helmets. 

A  full  break-down  of  the  certification  of  the  helmets  is  given  in  Table  1.  Only 
44  (37.3%)  of  the  helmets  were  certified  to  the  latest  British  Standard,  i.e.  current 
at  the  time  of  the  accident. 


In  this  paper  percentages  are  calculated  using  only  known  values. 
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TABLE  1 

HELMET  CERTIFICATION  BY  HELMET  STATUS 


He lme  t 

came  off 

Helme  t 

stayed  on 

Total 

N 

z 

N 

Z 

N 

Z 

BS  2001 

4 

7.4 

6 

9.4 

10 

8.5 

as  1869 

13 

24.1 

7 

10 .9 

20 

16.9 

BS  5361 

14 

25.9 

13 

20.3 

27 

22.9 

BS  2495/60 

9 

16.7 

15 

23.4 

24 

20.3 

BS  2495/77 

5 

9.3 

12 

18.8 

17 

14.4 

BS  label ,  but 
number  not  known 

8 

14.8 

11 

17.2 

19 

16.1 

Other  certification 

1 

1  .9 

0 

0 

1 

0.8 

TOTAL 

54 

100.1 

64 

100.0 

118 

99.9 

Not  known 

12 

22 

34 

GRAND  TOTAL 

66 

86 

152 

The  basic  type  of  material  used  in  the  construction  of  the  outer  shell  was 
ascertained  for  117  helmets.  There  were  34  (29. 1Z)  helmet  shells  made  of  glass  rein¬ 
forced  plastic  and  83  (70. 9Z)  were  made  of  thermoplastic  material.  The  main  types  of 
thermoplastic  material  used  at  the  time  of  this  research  were  polycarbonate  and  Acrylo¬ 
nitrile-Butadiene-Styrene  (ABS)  .  Helmets  with  shell  materials  known  to  be  adversely 
affected  by  certain  paints,  solvents  and  adhesives  must  bear  appropriate  warning  labels 
in  order  to  comply  with  current  British  Standard  requirements.  In  light  of  this  require¬ 
ment  and  the  potential  disastrous  effect  of  the  user  decorating  certain  thermoplastic 
shells,  it  seems  worth  noting  that  14. 5Z  of  the  thermoplastic  helmets  worn  by  the 
fatalities  had  been  painted  since  manufacture.  In  a  further  34. 9Z  cases,  one  or  more, 
'foreign'  adhesive  labels  had  been  applied  to  the  outer  shell. 

As  far  as  the  investigators  are  aware,  there  are  no  published  data  on  the  numbers 
of  helmets  generally  in  use  by  types,  certification  or  shell  material.  However,  in 
1980,  of  the  600,000  British  Standards  Institution  helmet  certification  labels  released 
55Z  were  for  full-face  helmets,  and  45Z  for  open-face  designs  (35). 

Helmets  which  Came  Off 

The  group  of  66  riders  who  lost  their  helmets  during  the  accidents  represents 
43. 4Z  of  those  cases  for  which  helmet  status  was  firmly  established.  The  reasons  for 
helmet  loss  were  as  follows: 

1 )  Shell  break-up 

In  ten  (15. 2Z)  cases,  the  location  and  brittle  nature  of  the  breaksin  thermoplastic 
helmet  shells  resulted  in  helmet  loss.  It  is  not  within  the  scope  of  this  paper  to 
describe  the  physical  nature  of  the  shell  breaks  but  the  main  reasons  for  sheil  'failure' 
were  as  follows. 

a)  The  application  of  paint  by  the  nlers  caused  two  polycarbonate  and  one  ABS 
helmet  shells  to  shatter  on  impac  . 

b)  The  use  of  a  brittle  adhesive  to  attach  the  rubber  trim  to  the  base  of  the 
helmet  during  the  manufacturing  proce as  ,  caused  at  least  one  polycarbonate 
shell  to  break  in  a  brittle  manner. 

c)  It  is  known  that  microscopic  crates  and  flaws  Introduced  in  polycarbonate 
shells  during  manufacture  are  aggravated  by  certain  solvents,  for  example, 
petrol.  It  is  difficult  to  establiah  whether  or  not  a  helmet  has  been 
exposed  to  solvent  attack,  however,  in  the  sub-sample  the  four  polycarbon¬ 
ate  helmet  sheila  which  broke  from  a  hole  had  probably  been  exposed  to 
solvents  prior  to  the  accident. 

d)  Deterioration  of  the  ABS  through  'weathering*.  In  aome  cases  the  butadiene 
phase  of  the  grade  of  ABS  used  ir  the  accident  helmets  had  deteriorated 
through  exposure  to  oxidation  and  ultra-violet  radiation. 


2 )  Retention  system  failure 

There  was  objective  evidence  of  overload  and  thus  release  of  some  part  of  the 
retention  systems  in  19  (28. 8  X  >  of  the  cases  where  the  helmets  casie  off  during  the 
accidents.  The  nature  of  the  failures  sre  described  in  more  detail  in  an  earlier 
paper  (28) . 
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3)  Rider  error 

In  four  cases  the  riders  had  failed  to  secure  their  chin  straps  properly. 

4  )  He  lme  t  fit 

The  reasons  for  helmet  loss  in  the  remaining  33  cases  were  not  immediately  apparent. 
Obviously  there  must  always  be  some  doubt  about  how  the  helmets  were  fastened  prior  to 
the  ac  'dents,  but  it  was  reliably  reported  that  at  least  eight  of  these  helmets  were 
found  with  the  chin  straps  still  fastened.  In  this  sample  of  fatally  injured  riders 
the  security  of  the  helmets'  fit  on  the  riders'  head  was  not  established.  This  informa¬ 
tion,  however,  was  ascertained  for  a  rider  in  the  serious  injury  sample  and  the  circum¬ 
stances  of  this  helmet  loss  will  be  discussed  later. 

Helmets  which  Stayed  On 

It  was  established  that  in  86  cases,  the  riders'  helmets  remained  in  position 
throughout  the  entire  accident  sequence. 

Examination  of  the  helmets  worn  by  accident  victims  provides  valuable  information 
about  the  nature  of  the  riders'  head  contacts.  The  damage  suffered  by  the  helmets  in 
conjunction  with  an  inspection  of  the  accident  environment  and  involved  vehicles  are 
useful  aids  in  the  identification  of  the  likely  sources  of  head  injuries.  In  all,  68 
of  the  helmets  which  stayed  on  the  riders'  heads  were  fully  examined.  In  view  of  tie 
helmet  retrieval  system  used  i"  the  study,  it  seems  reasonable  to  assume  that  the  68 
helmets  examined  by  the  investigators  and  described  belov  are  representative  of  this 
sub-sample.  So,  the  accident  performance  of  these  helmets  shall  be  considered  in  an 
attempt  to  assess  the  limits  of  protection  given  by  helmets  and  in  order  to  evaluate  the 
rel  ince  of  existing  safety  standards. 

1 )  The  location  of  impacts  on  the  helmets 

Existing  specifications  for  helmets  prescribe  a  region  vithin  which  the  helmet  must 
fulfil  certain  performance  requirements.  Although  the  outer  shell  and  inner  energy¬ 
absorbing  liner  may  extend  beyond  this  area,  in  many  past  and  current  helmet  designs  the 
energy-absorbing  lining  is  reduced  in  thickness  or  even  absent  outside  the  specified 
protective  area. 

In  only  31  (45. 6  Z )  helmets  was  all  of  the  shell  damage  located  either  at  or  above  the 
prescribed  protective  area.  In  32  (47.12)  cases  at  least  one  blow  had  been  delivered 
below  this  region.  This  information  was  not  ascertained  for  the  remaining  five  helmets 
which  were  examined. 

2)  Frequency  of  impacts  on  the  helmets 

The  68  helmets  which  were  fully  examined  had  sustained  at  least  a  total  of  135  blows. 
In  41  (60.32)  cases  the  helmets  had  suffered  two  or  more  observable  shell  impacts.  In 
light  of  the  observation  that  polycarbonate  helmet  shells  can  sustain  a  blow  without 
visible  xhell  damage  the  true  number  of  shell  impacts  is  likely  to  be  higher. 

Although  it  is  difficult  to  distinguish  different  blows  to  the  same  site,  individual  im¬ 
pact  marks  on  the  helmet  shell  often  overlapped,  and  on  such  occasions  it  seems  likely 
that  the  same  area  of  lining  (if  present)  was  involved  in  more  than  one  impact.  As  the 
most  popular  energy- absorbing  materia?  used  in  current  helmet  designs,  vay  be  practically 
destroyed  upon  impact,  its  ability  to  absorb  subsequent  blows  to  the  sa.se  location  must 
be  limited. 

3)  The  type  of  b 1 ow 

In  impact  tests  prescribed  by  current  helmet  standards,  the  striker  is  delivered  to 
the  helmet  in  a  near  perpendicular  direction. 

Perpendicular  impacts 

Perpendicular  blows  to  the  helmets  in  position  on  the  riders’  heads  will  typically 
result  in  some  permanent  de'ormation  of  expanded  polystyrene  lining.  In  50  (73. 52)  of 
the  68  helmets  which  remaintc  in  position  and  which  were  fully  examined  the  linings 
showed  obvious  crush  damage.  This  damage  was  associated  with  overlying  shell  damage  in 
all  but  two  cases.  These  two  helmets  had  polycarbonate  shells  which  had  presumably 
deformed  at  the  time  of  the  impact,  but  returned  to  their  original  position  without 
visible  marks  of  the  blow. 

Again,  true  incidence  of  perpendicular  impacts  may  be  higher  than  that  determined  from 
an  examination  of  the  expanded  polystyrene  liners,  as  it  is  difficult  to  ascertain  the 
nature  of  blows  delivered  to  parts  of  the  helmet  shells  where  there  is  no  energy¬ 
absorbing  lining  materials.  Furthermore,  an  oblique  blow  may  not  necessarily  cause 
1  iner  damage  . 

The  incidence  of  oblique  impacts  to  the  head 

Aldman  and  his  colleagues  have  stressed  the  importance  of  oblique  impacts  in  TVMV 
accidents  resulting  in  rotational  acceleration  forces  being  applied  to  the  skull  and 
brain  (36).  They  have  suggested  that  in  most  TVMV  accidents  head  impacts  would  be 
oblique  rather  than  perpendicular ,  whether  the  involved  objects  were  a  car,  a  fixed 
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obstacle  or  the  ground. 

The  nature  of  TWtlV  riders'  most  severe  head  impacts  are  not  easily  identified  as 
during  the  accident  sequences  the  riders'  heads  frequently  suffers  more  than  one  blow, 
each  delivered  from  a  different  direction.  In  most  situations,  however,  where  the  rider 
hits  the  ground  their  head  is  likely  to  impact  this  surfsce  at  an  acute  angle  -  such 
oblique  impacts  are  identifiable  by  marks  or  road  grazing  on  the  outer  helmet  shell. 

The  ground  was  identified  as  a  primary  head  impact  cource  for  20  fatally  injured 
riders  (see  Table  2).  All  helmet  shells  were  marked  to  varying  degrees  with  surface 
grazes.  The  energy-absorbing  liners  in  14  of  these  helmets  were  fully  examined.  In 
seven  cases  there  was  no  observable  damage  to  the  liners  underlying  the  outer  shell 
road  grazing.  It  would  seem  reasonable  to  conclude  that  these  seven  helmets  had  hit 
the  ground  in  an  oblique  fashion,  resulting  in  rotational  acceleration  forces  being 
applied  to  the  riders'  heads.  Five  of  the  riders  sustained  head  injuries  rated  AIS 
above  3,  in  four  cases  without  skull  fracture.  There  were  no  head  injuries  reported 
for  the  other  riders. 

In  practice  it  seems  likely  that  head  impacts  usually  involve  both  translational 
and  rotational  acceleration,  but  more  rigorous  post  mortem  examinations  are  necessary 
before  the  relative  contribution  of  oblique  and  perpendicular  impacts  as  sources  of 
head  injuries  can  be  realised. 

4 )  The  Nature  of  the  Objects  1. noact ed 

Most  current  safety  standards  prescribe  a  specified  level  of  energy  absorption 
to  both  a  flat  and  hemispherical  striker.  They  also  require  a  certain  level  of 
resistance  to  a  sharp  impactor.  The  actual  objects  hit  by  the  riders'  heads  are 
obviously  an  important  factor  in  the  resultant  head  injury,  and  the  striker  prescribed 
by  the  standard  should  reflect  the  shape  of  the  impacted  surfaces. 

In  this  class  of  road  user,  the  object  hit  is  not  readily  ascertained  as  during 
the  accident  sequence  the  rider  may  strike  his/her  head  on  a  number  of  different 
objects.  However,  in  52  cases  at  least  one  identifiable  contact  between  some  feature 
of  the  accident  environments  and  the  riders'  heads  was  established  (see  Table  2). 

TABLE  2. 

NATURE  OF  OBJECTS  IMPACTED  3Y  HEADS  OF  RIDERS 
WHOSE  HELMETS  STAYED  ON 


Objects  hit 

Number 

Z 

Road  surface,  ground 

20 

38.  5 

Car,  car  derivative 

12. 

23.1 

Heavy  goods  vehicle 

5  + 

9.6 

Brick  well 

4 

7.7 

Tree 

3 

5.8 

Telegraph  pole,  leap  post,  belishs  beacon 

3 

5.8 

Road  excevations,  ditch 

2 

3.8 

Public  service  vehicle 

I, 

1.9 

Agriculturel  tractor 

1  ' 

1.9 

Trailer  carrying  horse 

1 

1  .9 

52 

100.0 

t  Includes  heed  impect  with  sharp  object. 


The  importance  of  injury  producing  ground  impacts  should  not  be  dismissed  for  any  of 
the  riders,  es  it  is  possible  thet  in  many  ceses  they  heve  been  Beaked  by  the  priaery 
iapec  ts . 

So  there  were  a  high  number  of  impect  with  herd  flet  surfeces.  In  coaperison 
heed  iapects  with  sherp  pointed  objects  vei  infrequent  -  noted  in  only  two  esses. 
However,  these  findings  do  not  necesserily  reflect  the  true  incidence  of  these  hezerds 
as  they  aay  indicete  that  helaets  efford  TVMV  riders  with  adequate  protection  egeinst 
sharp  penetrating  objects,  but  ere  less  effective  in  protecting  egainst  blunt  iapects. 
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TABLE  3 


NATURE  OF  HEAD  INJURIES  BY  RIDER'S 
HELMET  STATUS 


Nature  of  head  injury 

Basal  and  vault  fracture(s) 

Basal  fracture(s) 

Vault  fracture 

Brain  damage  (r.o  skull  fracture) 
No  head  injuries 

TOTAL 


He lme  t 

came  off 

He lme  t 

stayed  on 

N 

7. 

N 

z 

20 

32.3 

9 

10.5 

21 

33.9 

25 

29 . 1 

7 

11.3 

5 

5.8 

6 

9.7 

25 

29.1 

8 

12.9 

22 

25.6 

62 

100.1 

86 

100.1 

Head  Injuries 

There  were  four  riders  who  suffered  gross  head  injuries  after  their  helmets  had  come 
off;  three  were  ruuover  and  one  was  decapitated.  These  riders  arc  excluded  from  the 
following  analyses. 

One  outstanding  feature  of  the  head  injuries  sustained  by  the  remaining  group  of  148 
fatally  injured  riders  is  the  high  incidence  of  severe  head  injuries.  The  head  injuries 
were  assessed  using  the  1980  Revision  of  the  AIS  Scale  (8).  Head  injuries  rated  above  AIS 
3  were  reported  for  90  (60. 8Z)  casualties.  Brain  injuries  with  an  AIS  greater  than  2  were 
reported  for  117  (79. 5Z>  fatalities.  Ir  31  (26. 4Z)  of  these  cases  the  brain  injuries 
occurred  without  any  skull  fractures. 

1)  Head  injuries  and  helmet  status 

Head  injuries  above  AIS  2  were  sustained  by  54  (87.1)  of  the  riders  whose  helmet  came  off 
and  by  64  (74. 4Z)  of  the  riders  whose  helmet  remained  in  position.  The  nature  and  sever¬ 
ity  of  the  head  injuries  sustained  by  the  two  groups  of  riders  is  given  in  Tables  3,  4 
and  5.  However,  in  considering  the  data  presented  in  these  tables  it  is  important  to  note 
that  no  attempt  has  been  made  to  match  the  type  and  severity  of  the  head  impacts  sustained 
by  the  riders  within  these  two  groups. 


TABLE  4 

THE  LOCATION  AND  SEVERITY  OF  HEAD  INJURIES 
SUSTAINED  BY  RIDERS  WHOSE  HELMETS  CAME  OFF 


AIS  Value 


0 _ 

2 

3 

_ _4 _ 

5 

6 

Skull  injuries 

14 

0 

15 

29 

0 

4 

Anatomic  lesions 

8 

1 

18 

14 

10 

11 

Non-ana  omic  injuries 

57 

0 

0 

0 

5 

0 

Highest  head  AIS 

8 

1 

9 

20 

12 

12 

(excluding  scalp) 


TABLE  5 

THE  LOCATION  AND  SEVERITY  OF  HEAD  INJURIES 
SUSTAINED  BY  RIDERS  WHOSE  HELMETS  STAYED  ON 


AIS  Value 


0 _ 

2 

3 

4 

5 

6 

Skull  injuries 

48 

2 

16 

18 

1 

1 

Anatomic  lesions 

22 

0 

27 

25 

5 

7 

Non-anatomic  injuries 

79 

0 

0 

0 

7 

0 

Highest  head  AIS 

22 

0 

18 

29 

10 

7 

(excluding  scalp) 

2)  The  protective  value  of  the  helmets 

The  low  number  of  AIS  scores  for  non-anatomic  head  injuries  reflects  the  large  number 
of  riderr  who  died  instantaneously.  The  severity  of  the  accident  sequence  is  further 
demonstrated  by  the  high  number  of  severe  and  fatal  head  injuries.  It  was  obviuu*  that 
in  many  accident  aituations  the  loads  applied  to  the  helmets  were  greater  than  that  which 
any  structure  of  limited  thickness  could  be  expected  to  reduce  to  a  tolerable  level. 

However,  whilst  appreciating  the  limits  of  protection  that  can  be  provided  by  such 
structures,  the  nature  of  the  head  injuries,  in  particular  the  relatively  high  number  of 
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basal  skull  fractures  sustained  by  riders  whose  helmets  stayed  on  is  important.  It 
suggests  that  the  system  is  adequately  distributing  the  impact  load  over  a  large  area, 
but  is  failing  to  reduce  the  forces  applied  to  the  head  to  a  survivable  level. 

3)  Sources  of  head  injuries 

Table  6  shows  the  contacts  which  were  established  as  sources  of  injuries  sustained  by 
the  skeletal  and  internal  areas  of  the  head. 


TABLE  6 

SOURCES  OF  THE  MOST  SEVERE  NON-SURFACE  HEAD 
INJURIES  SUSTAINED  BY  THE  FATALITIES 

AIS  Value  Total 


Injury  Source 

2 _ 

3 

4 

5 

_ 6 

N 

X 

Other  vehicle 

1 

8 

12 

7 

6 

34 

37.0 

Off-road  (furniture) 

0 

3 

19 

7 

4 

33 

35.9 

Road 

0 

6 

7 

1 

2 

16 

17.4 

Kerb 

0 

1 

2 

1 

1 

5 

5.4 

Off-road  surface 

0 

0 

3 

0 

1 

4 

4.3 

TOTAL 

1 

18 

43 

16 

14 

92 

100.0 

Not  known 

0 

9 

6 

6 

5 

26 

GRAND  TOTAL 

1 

27 

49 

22 

19 

118 

Impact  with  other  vehicles  or  off-road  objects  were  identified  as  primary  contribu- 
tary  sources  of  head  injury  in  67  (72  . 8 Z )  cases.  Ground  contacts  were  established  as  a 
major  source  of  head  injuries  for  20  (21. 7  X )  riders,  but  as  mentioned  earlier  this  may  be 
an  under-estimation.  It  is  of  note  that  in  this  sample  of  fatalities  in  no  case  was  any 
life  threatening  injury  attributed  to  loading  produced  by  the  chin  strap.  Furthermore, 
no  reported  head  injuries  above  AIS  1  were  caused  by  the  helmets. 


SERIOUSLY  INJURED  RIDERS 


This  part  of  the  paper  described  a  sample  of  48  seriously  injured  TWMV  riders  studied 
as  part  of  an  ongoing  research  programme.  They  represent  a  sample  of  casualties  injured 
in  accidents  within  the  catchment  areas  of  two  hospitals  which  serve  a  rural  and  urban 
based  population  in  and  around  Birmingham.  The  Ministry  of  Transport  (MOT)  criterion  for 
serious  injuries  was  used  (see  Appendix  1).  Although,  at  this  stage  of  the  research  no 
attempt  has  beer  made  to  examine  the  representativeness  of  the  sample,  it  should  be  noted 
that  the  serious  accidents  were  selected  in  a  non-specific  manner. 

Helmet  status 


Only  one  rider  was  not  wearing  a  helmet  at  the  time  of  his  accident,  he  is  excluded 
from  the  following  analyses.  The  helmets  worn  by  38  (80. 9X)  of  the  riders  remain  in 
position,  the  remaining  9  (19. IX)  rideis  lost  their  helmets  at  some  stage  during  the 
accident  sequence. 

Helmet  type  and  certification 

There  were  34  ( 72 . 3X) ' ful 1-face •  helmets  and  13  (27 . 7 X )  'open-face'  helmets.  A  full 
breakdown  of  the  certification  of  these  helmets  is  given  in  Table  7.  There  were  17  (37. OX) 
helmets  with  glass  reinforced  plastic  shells  and  29  (63. OX)  were  made  from  a  thermo¬ 
plastic  material,  typically  either  polycarbonate  or  ABS .  The  shell  material  for  the 
remaining  helmet  was  not  ascertained. 

Helmets  which  came  off 


It  was  established  that  9  (19. IX)  of  the  47  hrlmeted  riders  who  were  seriously 
injured  lost  their  helmets  during  the  accidents.  In  only  one  case  as  a  result  of  loss  of 
integrity  of  the  chin  strap  system. 

Two  riders  admitted  they  were  wearing  their  helmets  with  unfastened  chin  straps  prior 
to  the  accident  and  another  rider  said  he  always  wore  his  chin  strap  loosely  fastened. 

The  reasons  why  the  remaining  five  riders  lost  their  helmets  was  not  immediately  apparent, 
but  at  least  one  of  these  helmets  was  found  with  the  chin  strap  still  fastened.  There 
was  reasonable  supporting  evidence  to  the  rider's  statement  that  the  helmet  had  been 
securely  fitted  and  held  in  place  before  the  accident.  The  helmet,  which  was  certified 
to  BS  2495/77,  had  not  sustained  a  major  blow  and  there  was  no  crush  damage  to  the  inner 
lining. 

It  was  found  that  with  the  helmet  secured  on  the  rider's  head  it  was  possible  to 
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remove  the  helmet  by  pushing  down  on  the  front  of  the  helmet  and  then  rotating  it  for¬ 
ward.  Although  there  must  always  be  some  doubt  about  how  securely  a  helmet  is  fastened 
prior  to  impact,  certain  designs  of  chin  strap  retention  systems  and  the  use  of  thick 
comfort  padding  allow  the  removal  of  several  makes  of  helmet  in  this  way.  Therefore  it 
seems  reasonable  to  suggest  that  this  is  one  reason  for  helmet  loss. 


TABLE  7 


HELMET  CERTIFICATION  BY  HELMET  STATUS 


Helmet 

came  off 

Helmet 

stayed  on 

Total 

N 

X 

N 

X 

N 

X 

BS  2001 

0 

0 

3 

8.1 

3 

6.7 

BS  5361 

2 

25.0 

12 

32.4 

14 

31.1 

BS  2495/60 

1 

12.5 

1 

2.7 

2 

4.4 

BS  2495/77 
(Pre.amd  4)t 

3 

37.5 

14 

37.8 

17 

37.8 

BS  2495/77 
(+  amd  4)  t 

1 

12.5 

1 

2.7 

2 

4.4 

BS  2495/77 
(+  amd  5) ft 

0 

0 

2 

5.4 

2 

4.4 

BS  label,  but 
number  not  known 

1 

12.5 

4 

10.8 

5 

11.1 

TOTAL 

8 

100.0 

37 

99.9 

45 

99  .9 

Not  known 

1 

1 

2 

GRAND  TOTAL 

9 

38 

47 

t  Amendment  4,  applies  to  introduction  of  dynamic  chin  strap  test  implemented 
on  1st  October  1980. 

tt  Amendment  5,  applies  to  introduction  of  the  so-called  'solvent  wipe'  test 
implemented  on  1st  April  lril. 


Helmets  which  stayed  on 

Two  of  the  38  helmets  which  stayed  on  were  totally  undamaged.  The  nature  of  the 
riders'  impacts  supports  the  conclusion  that  neither  of  these  riders  suffered  a  head  im¬ 
pact.  The  helmets  worn  by  32  of  the  remaining  36  riders  in  this  group  were  examined. 
There  was  visible  shell  damage  on  all  these  helmets.  In  14  ( 4  3 . 8  Z )  cases  there  was 
accident  damage  located  below  the  protective  areas  prescribed  by  the  helmets'  standards. 
Two  or  more  areas  of  shell  damage  were  recorded  for  IS  of  the  helmets. 

In  10  ( 3 1 . 3 Z )  cases  there  was  visible  compression  of  the  inner  expanded  polystyrene 
lining.  Six  of  the  riders  weering  these  helmets  suffered  head  injuries  in  only  two  cases 
rated  above  AIS  2.  It  ia  of  interest  to  note  that  four  of  the  riders  whose  helmet  liners 
sustained  crush  damage  received  no  head  injuries. 

Head  injuries 

In  all, 22  riders  suffered  head  injuries  but  only  3  (6.4X)  riders  suffered  head 
injuriea  rated  above  AIS  2.  The  location  and  severity  of  the  head  injuries  is  presented 
in  Table  8.  The  most  severe  head  injuries  suffered  by  riders  whose  helmets  came  off  com¬ 
pared  to  ridera  whose  helemts  stayed  on  is  shown  in  Table  9. 

The  primary  source  of  head  injuries  was  positively  established  for  IS  of  the  riders. 
Ground  contacts  were  responsible  for  9  (60. OX)  of  these  riders  and  impacts  with  other 
vehicles  for  4  (26.7X)  .  In  only  one  case  did  the  -ider’s  head  injury  result  from  impact 
with  an  off-road  object. 

TABLE  8  THE  LOCATION  AND  SEVERITY  Of  HEAD  INJURIES  SUSTAINED  BY 

THE  SAMPLE  OF  SERIOUSLY  INJURED  RIDERS 

AIS  Value 


0 _ 

1 

2 

3 

4 

Scalp  injuries 

44 

3 

0 

Skull  injuriea 

45 

0 

1 

1 

0 

Non-anatomic  injuriea 

26 

5 

13 

2 

1 

Higheat  head  AIS 

25 

6 

13 

2 

1 
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TABLE  9 


THE  HIGHEST  AIS  GIVEN  FOR 

HEAD 

INJURIES 

SUSTAINED 

BY  RIDERS  ACCORDING  TO 

THEIR 

HELMET 

STATUS 

Highest  head  AIS 

He lmet 

came  off 

He lne t 

stayed  on 

N 

2 

N 

2 

0 

4 

44.4 

21 

55.3 

1 

2 

22.2 

4 

10.5 

2 

2 

22.2 

11 

28.9 

3 

0 

0 

2 

5.3 

4 

1 

11.1 

9 

99.9 

COMPARISON  OF  HEAD  INJURIES  SUFFERED  BY  FATALLY  AND  SERIOUSLY  INJURED  RIDERS 


In  the  total  sample  of  fatalities  117  of  the  riders  suffered  head  injuries  above 
AIS  2  and  for  41  (35. 02)  of  these  riders  the  head  injuries  were  rated  AIS  5  or  6.  The 
severity  of  the  head  injuries  suffered  by  the  fatalities  was  quite  outstanding;  frequent¬ 
ly  the  entire  skull  and  its  contents  were  destroyed.  In  comparison  head  injuries  were 
less  important  in  the  sample  of  seriously  injured  riders.  In  all  25  (53.22)  of  these  ridfers 
received  head  injuries  but  only  3  (12.02)  of  these  were  rated  above  AIS  2. 


COMMENTS  ON  REQUIREMENTS  OF  HELMET  STANDARDS 


The  following  comments  are  made  in  the  light  of  the  accident  research  findings 
presented  above. 

1)  Materials 


Most  current  standards  specify  certain  limitations  on  the  physical  properties  of 
the  materials  used  in  helmet  manufacture.  It  is  stated  that  materials  shall  be  known  not 
to  undergo  appreciable  alteration  in  circumstances  of  use  to  which  the  helmet  is  normally 
subjected.  Shell  materials  which  may  be  adversely  affected  by  hydrocarbons,  cleaning 
fluids,  paints,  transfers  or  other  extraneous  additions,  must  carry  appropriate  warning 
labels.  First  it  is  of  note  that  11.52  of  the  inspected  helmets,  which  could  have  been 
damaged  in  this  way,  had  been  painted  since  manufacture  and  in  a  further  32.72  one  or 
more  'foreign'  stickers  had  been  applied  to  the  outer  shell.  Secondly  the  use  of  a 
material  in  a  manner  which  is  known  to  deteriorate  in  the  presence  of  petrol,  one  condi¬ 
tion  commonly  encountered  in  the  riders'  environment,  highlights  the  inadequacies  of  des¬ 
criptive  clauses  in  safety  standards. 

There  would  seem  to  be  considerable  benefit  both  to  the  user  and  the  manufacturer  to 
be  rid  of  the  present  ambiguities  by  writing  standards  as  performance  requirements  rather 
than  as  material  and  design  specifications. 

2)  Extent  of  Protection 


In  those  cases  where  the  riders'  helmets  hsd  remained  in  position  throughout  the 
accident  sequence,  of  the  inspected  helmets  48.42  suffered  at  least  one  impact  below  the 
protective  region  prescribed  by  the  British  Standards.  In  view  of  these  research  findings 
it  would  surely  be  beneficial  to  extent  the  protective  area  specified  in  these  and  other 
standards . 

In  addition,  with  the  apparent  increase  in  the  use  of  helmets  affording  greater  head 
coverage,  it  is  important  to  ensure  that  this  additional  shell  area  performs  in  a  protec¬ 
tive  manner.  Two  other  likely  benefits  of  increasing  the  protective  region  are:- 

(i)  Impact  tests  over  the  entire  outer  helmet  surface  would  highlight  'problem' 
areas  currently  located  outside  the  test  area  but  a  potential  source  of 
helmet  failure  -  for  example  localised  flaws  in  polycarbonate  shell  materials 
introduced  during  manufacture,  such  as  'welding  lines',  surfaces  of  hole 
apertures,  use  of  brittle  adhesive  to  attach  edge  trimmings. 

(ii)  In  order  to  fulfil  performance  test  impact  requirements  it  seems  reasonable 
to  expect  an  increase  in  the  amount  of  energy-absorbing  liner  in  these 
areas  with  an  associated  decrease  in  the  volume  of  foam  comfort  padding. 

This  would  probably  reduce  the  numbers  of  poorly  fitted  helmets. 
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3)  Shock  absorption  requirements 

The  severity  of  the  head  injuries  sustained  by  the  TWMV  riders  suggests  that  the 
distribution  of  the  loads  to  which  they  are  subjected  covers  a  very  wide  range.  1°  a  sub¬ 
stantial  number  of  fatal  head  injuries'  applied  loads  are  such  that  to  provide  survival,  a 
ridedown  distance  of  many  centimetres  would  be  required.  Such  conditions  are  well  beyond 
even  the  perfect  helmet  built  to  current  geometries,  and  to  greatly  increase  the  outside 
dimensions  of  helmets  is  probably  not  practical. 

It  is  still  important  however,  to  optimise  protection  within  current  geometries  and 
it  is  logical  to  specify  acceleration  limits  by  measuring  the  accelerations  actually  on 
the  headform.  A  performance  standard  of  this  type  is  in  line  with  general  principles  em¬ 
ployed  in  current  vehicle  design  and  allows  past  and  present  developments  of  head  injury 
tolerance  criteria  to  be  considered.  The  British  Standards  mount  the  accelerometer  on 
the  impacter. 

4)  Type  of  impact 

The  relative  contribution  of  rotational  versus  translational  acceleration  as  a  source 
of  head  injuries  remains  unclear  (3?).  However,  it  seems  likely  that  head  impacts  suf¬ 
fered  by  TWMV  riders  involve  both  types  of  acceleration.  Most  current  standards  do  not 
take  oblique  head  impacts  into  account.  It  would  seem  sensible  to  introduce  a  perform¬ 
ance  test  to  simulate  blows  likely  to  result  in  rotational  acceleration. 

5)  Penetration  Test 


The  small  number  of  fatally  and  seriously  injured  riders  in  this  sample  who  suffered 
sharp  penetratin  blows  to  their  heads  does  not  necessarily  reflect  the  incidence  of  such 
impacts  for  all  TWMV  riders  involved  in  accidents.  An  examination  of  the  nature  of  head 
impacts  sustained  by  an  uninjured  accident  sample  would  provide  data  indicating  the  ex¬ 
posure  of  other  TWMV  riders  to  penetrating  head  blows. 

6)  The  Retention  System  Test 

The  original  retention  system  test  in  the  two  current  British  Standards  has  been  re¬ 
placed.  The  chin  strap  failures  observed  in  the  investigation  of  fatal  accidents  report¬ 
ed  here  were  reproduced  by  Glaister  using  a  modified  French  designed  test(38).  In  this  way 
a  new  retention  system  test  was  developed.  It  became  effective  on  1st  October  1980.  The 
amended  standards  require  the  helmet  retention  systems  to  tolerate  the  dynamic  loads  of  a 
10kg  weight  dropping  through  750  15mm  without  displacing  more  than  specified  amounts. 

7)  Helmet  fit 


The  problem  of  securely  fastened  and  appropriately  fitted  helmets  becoming  dis¬ 
lodged  during  the  accidents  highlights  the  need  for  a  test  to  examine  overall  helmet 
retention. 


CONCLUSIONS 


1.  Only  five  riders  in  this  sample  of  fatally  and  seriously  injured  riders  were  not 
wearing  helmets  at  the  time  of  their  accidents. 

2.  Helmets  came  off  the  riders'  heads  in  43. 4Z  of  the  fatal  accidents  and  in  19. IX 
of  the  serious  accidents,  where  this  information  was  ascertained. 

3.  In  28. 8Z  of  the  fatalities  whose  helmets  came  off  there  was  evidence  of  overload 
and  release  of  some  parts  of  the  helmets'  retention  system. 

4.  In  15. 2X  of  the  fatalities  whose  helmets  came  off,  breaks  in  the  thermoplastic 
helmet  shells  had  caused  loss  of  helmet  integrity. 

5.  In  47. 1Z  of  the  helmets  inspected  one  or  more  detected  impacts  had  been  sustained 
below  the  'protective'  area  prescribed  by  the  applicable  standards. 

6.  The  nature  of  helmet  damage  and  injuries  inthe  fatal  sample  gives  some  support 

to  the  theory  that  rotational  acceleration  can  cause  severe  brain  injuries  in  TWMV 
accidents . 

7.  In  the  sample  of  fatalities,  head  injuries  above  AIS  2  were  sustained  by  87. 1Z  of 
the  riders  who  lost  their  helmets  and  by  74. 4Z  of  the  riders  whose  helmets  remained 
in  position. 

8.  Brain  damage  rated  AIS  greater  than  2  were  reported  for  79. 5Z  of  the  fatalities. 

In  26. 4Z  of  these  cases,  brain  damage  occurred  without  any  skull  fractures. 

9.  Basal  skull  fractures  were  sustained  by  64. 1Z  of  the  39  casualties  whose  helmet 
stayed  on  and  who  received  skull  fractures.  Whilst  appreciating  the  limits  of 
protection  that  can  be  provided  by  helmets,  this  suggests  that  relatively  good 
load  spreading  is  being  achieved  but  the  'protective  system'  is  failing  to  reduce 
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the  total  loads  to  a  tolerable  level. 

10.  The  frequency  and  severity  of  head  injuries  sere  markedly  different  for  the  two 
accident  samples.  The  head  injuries  sustained  by  the  fatalities  were  far  more 
severe  and  numerous  than  those  received  by  the  sample  of  seriously  injured  TWMV 
riders.  The  head  injuries  sustained  by  the  two  groups  of  riders  are  not  evenly 
distributed  up  the  ATS  scale. 
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APPENDIX  I 


The  Ministry  of  Transport’s  Category  of  Serious  Injury  reads  :  "An  injury  for  which  the 
person  is  detained  in  hospital  as  in  ' in-patient '  or  any  of  the  following  injuries  whether 
or  not  the  person  is  detained  in  hospital  :  fractures,  concussion,  internal  injuries, 
crushing,  severe  cuts  and  lacerations,  or  severe  general  shock  requiring  medical  treatment". 


D32-1 


MILLER  (UK) 


DISCUSSION 


Do  you  feel  that  improved  education  to  cause  youngsters  to  appreciate  the  limitations  of  the  helmet  and  the  pro¬ 
tective  mode  of  operation  of  the  helmet  is  of  considerable  value?  From  my  experience,  they  keep  helmets  too  long 
and  they  don't  understand  the  effects  of  paint  and  hydrocarbons  on  the  shells.  So,  1  think  education  is  one  of  the 
items  that  ought  to  be  on  your  list. 


AUTHOR'S  REPLY 


My  response  is  two  fold;  firstly ,  I  am  a  cynic  with  respect  to  education.  To  educate  people  is  time  consuming 
and  frequently  fruitless;  there  is  a  considerable  amount  of  documented  evidence  to  show  this.  Secondly  ,  notwith¬ 
standing  my  cynicism,  we  all  wish  to  educate  people  so  that  they  will  not  throw  their  helmets  away .  1  can  only 
refer  you  to  the  experience  that  1  have  had  within  Britain;  the  only  way  for  these  riders  to  know  that  the  helmet 
shell  has  been  degraded  by  hydrocarbon  exposure  is  the  change  in  ,he  shell's  color.  In  other  words,  there  seems 
to  be  a  considerable  reluctance  to  provide  the  basic  information  neceosary  to  educate  riders. 

DR. SHANAHAN  (USA) 

The  problem  you  identified,  in  terms  of  helmet  retention,  is  an  interesting  one  to  us  at  the  Army  Aeromedical 
Research  Laboratory,  Fort  Rucker,  AL.  We  have  also  studied  the  problem  of  retention,  and  we  had  assumed  that 
individuals  who  did  not  retain  their  helmets  throughout  an  entire  crash  sequence  would  be  more  severely  injured 
than  those  who  did.  In  a  study  of  some  1100  helicopter  accidents,  wc  found  that  there  is  no  significant  difference 
between  those  flyers  who  retained  their  helmets  throughout  the  crash  sequence  and  those  who  lost  their  helmets. 

Wc  concluded  that  the  impact  that  causes  the  helmet  to  be  removed  from  the  head  is  probably  the  most  severe  impact 
received  by  the  individual.  I  am  not  saying  that  we  shouldn't  strive  toward  better  retention,  but  1  was  surprised 
by  that  finding  in  our  study . 

AUTHOR’S  REPLY 


We  also  thought  initially  that  the  injury  might  have  occurred,  regardless  of  helmet  retention,  but  the  bulk 
of  the  helmets  that  came  off  the  rider's  head  seemed  to  hove  come  off  without  any  observable 
crush  damage  to  the  liner  and  without  any  observed  major  impact.  Also,  in  the  motorcycle  crash  situation,  it 
is  quite  possible  that  the  riders  frequently  sustain  multiple  head  impacts.  We  did  have  quite  a  few  helmets  come 
off  the  head  after  a  brush  with  a  car  and  subsequently  the  rider  sustains  a  head  impact  on  a  curb  without  benefit 
of  helmet  protection.  Although  it  is  difficult  to  know  at  what  point  in  time  the  rider  sustained  fatal  head  injury, 
in  many  cases  it  was  almost  impossible  not  to  conclude  that  the  fatal  head  injury  had  been  sustained  after  helmet 
loss.  So,  1  think  for  this  (motorcycle)  population,  the  retention  is  important. 
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THE  DEVELOPMENT  AND  INITIAL  EVALUATION  OF  AN  OBLIQUE-IMPACT  TEST  FOR  PROTECTIVE  HELMETS 

by 

Wing  Commander  David  H  Glaister 

Royal  Air  Force  Institute  of  Aviation  Medicine,  Farnborough,  Hampshire,  UK. 


SUMMARY 

The  design  of  protective  helmets  is  governed  by  the  construction  and  performance  clauses  of  nacional 
and  international  standards.  Performance  requirements  are  based  on  the  assumption  that  the  brain  is 
injured  by  excessive  linear  forces,  whilst  the  construction  requirements  are  an  attempt  to  limit  rotational 
forces  to  a  tolerable  level. 

This  paper  describes  the  development  of  a  novel  test  device  in  which  angular  forces  are  measured  (or 
derived)  following  off-axis  impacts  to  a  helmeted  headform,  with  the  ultimate  aim  of  replacing  construction 
requirements  by  a  definitive  test. 

Prototype  and  second  generation  rigs  are  described  and  evaluated  in  tests  on  several  types  of  helmets 
using  a  range  of  impact  surfaces.  Preliminary  tests  suggest  that  the  method  can  differentiate  between 
various  shell  materials  and,  with  a  modified  anvil,  surface  irregularities  can  also  be  examined.  Informa¬ 
tion  can  be  made  available  relating  to  the  instantaneous  levels  of  friction  developed  during  impacts,  on 
the  torque  produced,  and  on  the  angular  acceleration  and  terminal  angular  velocity  achieved  by  the  helmeted 
headform.  The  technique  should  provide  a  useful  tool  for  the  investigation  and  further  development  of  pro¬ 
tective  helmets. 


INTRODUCTION 

The  design  of  helmets  for  civil  and,  to  a  somewhat  lesser  extent,  military  use,  is  governed  by  tha 
construction  and  performance  requirements  of  numerous  national  and  intarnational  standards.  A  common  fea¬ 
ture  of  these  is  that  tests  used  to  evaluate  the  shock  absorbing  capacity  of  helmets  are  based  on  three 
assumptions,  namely  1)  that  the  head  is  a  rigid,  but  freely  mobile  mass  weighing  5  kg;  2)  that  all  impacts 
are  directed  at  its  centre  of  gravity;  and  3)  that  injury  results  at  a  specifiad  leval  of  linear  accelera¬ 
tion. 


To  illustrate  these  points  consider  the  British  Standard  2495:1977  'Protective  Helmets  for  Vehicle 
Users  (High  Protection)',  though  any  other  standard  would  serve  the  purpose.  Clause  11  of  the  Standard 
describes  the  shock  absorption  test  in  which  a  helmet  is  mounted  on  a  headform  and  impacted  by  a  falling 
striker.  Tha  points  to  notica  are  that  the  centre  of  gravity  of  the  headform  must  lie  on  axis  with  the 
striker  to  which  a  linear  accclaration  transducer  is  mounted  with  its  sensitiva  axis  also  coincidant.  The 
performance  requirement  (clause  7)  states  that  under  the  impact  conditions  of  the  test  'tha  maximum  decel¬ 
eration  of  the  striker  shall  not  exceed  400C' .  Over  the  years  and  in  different  standards  this  pass/fail 
level  has  varied  somewhat  (though  the  test  method  has  essentially  been  the  same)  and  there  is  a  casu  for 
reducing  it  to  300G  (as  in  tha  equivalent  international  standard  (ISO  DP  1511)),  or  evan  to  150G  (Hundlay 
et  si.,  1981).  Howaver,  the  point  at  issue  here  is  that  whilst  excessive  linaar  accaleration  can  cause 
concussion,  skull  fracture  and  brain  injury,  excessive  angular  acceleration  constitutes  another  important 
injury  mechanism.  As  Holbourn  wrote  as  long  ago  as  19437  ’shear  strains  ara  the  cause  of  injury,  wheraas 
compression  and  rarefaction  strains  are  not'.  Credence  is  given  to  this  point  of  viaw  by  the  observation 
that  it  is  difficult  to  produce  concussion  in  cats  when  the  head  is  fixed  (Denny-Brown  and  Russell,  1941), 
a  finding  recently  confirmed  in  experiments  on  the  squirrel  monkey  (Gennaralli,  et  al.,  1972). 

Largely  owing  to  tha  scarcity  of  test  devices,  comparatively  little  work  has  bean  carried  out  on  the 
effects  of  angular  impact  accalaration.  Human  studies  hava,  naturally,  bean  restricted  to  accident  invasti- 
gation  and,  in  particular,  the  analysis  of  boxing  injuries  (for  example,  Untarharnschaidt,  1970).  The 
usually  quoted  tolerance  figures  ara,  for  concussion,  1,800  rad  sec"‘  (Omaya  and  Hirsch,  1971)  and,  for 
rupture  of  bridging  vains,  4,500  rad  sec"*  (Lowenhielm,  1977). 

It  appaars  that  ths  case  for  requiring  a  helmet  to  protect  against  tha  effacts  of  angular  accalaration 
is  at  least  as  strong,  if  not  stronger,  than  for  it  to  protect  against  linear  forces.  However,  there  are 
at  present  no  suitable  test  methods  and  tha  makers  of  standards  are  forced  to  introduce  constructional  limi¬ 
tations  in  tha  hope  that  these  will  reduce  tha  'sliding  resistance'  of  accepted  helmets.  For  exampla,  the 
British  Standard  already  referred  to  (BS  2495:1977)  raquires  that  'tha  construction  of  the  helmet  shall  be 
essentially  in  the  form  of  a  hard  shall  having  a  smooth  outer  surface. .. .in  the  form  of  a  continuous  convex 
curve',  that  'there  shall  ba  no  external  projections  greater  than  5  nan',  and  that  these  'shall  be  smooth  and 
adequately  faired' . 

Inevitably,  such  raquiraments  ara  restrictive  on  design  and  innovation  and  may  not  avan  achiava  the 
desired  reduction  in  sliding  rasistsncs.  There  would  be  much  advantage  to  ba  gained  by  raplacing  these  con¬ 
struction  rsquiraments  by  s  performance  test  or  tests.  Several  attempts  have  bean  made  -  for  axampla  sliding 
friction  has  been  measured,  but  does  not  reproduce  the  high  perpendicular  forcas  of  an  accidental  impact. 

In  Franca,  helmets  have  been  dropped  onto  a  test  road  surface  behind  a  fast  moving  vehicle,  though  apparently 
with  tha  object  of  investigating  abrasion  resistance  rather  than  sliding  rasistance;  also  a  two-axis  test 
rig  has  been  built,  though  no  test  results  have  yat  become  availabla.  In  Sweden,  a  sophisticated  rig  has 
bean  developed  at  tha  Department  of  Traffic  Safety  in  Gothanberg  (Aldman  at  al.,  1976).  In  this  rig  the 
teat  headform  ia  iratrumanted  with  a  package  of  seven  accelerometers  to  give,  by  computation,  tires -a*  is 
angular  accelerations  and  their  resultant.  The  helmeted  headform  is  dropped  in  free-fall  onto  a  rotating 
test  surface  so  that  the  two  velocity  components,  vertical  and  horixontal,  can  be  varied  independently. 
Preliminary  work  has  highlighted  the  influence  of  road  surface  texture  and  shown  that  realistic  impacts  may 
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cause  intolerable  angular  forces.  Other  experiments  have  confirmed  the  use  of  a  free  head  as  being  appro¬ 
priate,  since  similar  results  were  obtained  on  whole  dummies  and  even  cadavers  (Aldman  et  al.,  1978). 

The  object  of  the  present  study  was  to  develop  a  simple  test  method  in  which  the  'resultant'  impact 
velocity  was  achieved  by  dropping  a  helmeted  headform  in  guided  free-fall,  and  the  two  components  'vertical' 
and  'horizontal'  were  obtained  by  impacting  an  inclined  surface.  This  is  the  accident  situation  simply 
rotated  to  make  the  resultant  velocity  vector  perpendicular.  This  paper  describes  the  development  of  the 
method  and  its  preliminary  evaluation. 

Tests  were  initially  conducted  using  an  instrumented  headform,  the  peak  angular  acceleration  of  which 
was  recorded.  Various  problems  led  to  this  approach  being  abandoned  in  favour  of  an  instrumented  anvil 
from  which  both  perpendicular  and  longitudinal  impact  forces  could  be  monitored.  These  two  phasee  of  the 
project  will  be  described  separately. 


Phase  1 


APPARATUS 


Droy  tower.  One  of  the  two  10  m  tall  drop  towers  in  the  helmet  laboratory  at  the  RAF  Institute  of  Aviation 
Medicine  was  modified  to  provide  more  anvil  area  by  separating  the  two  vertical  guide  wires  by  20  in 
(508  mm).  A  simple  drop  frame  was  welded  up  from  18  mm  diameter  steel  tube  with  PTFE  bushes  and  the  hel¬ 
meted  headform  was  suspended  from  this  on  a  harness  sewn  up  from  25  mm  wide  tape  (Fig.l).  On  impact,  the 
helmet  leaves  the  harness  and  the  frame  continues  down  to  be  arrested  by  blocks  of  energy  absorbing  foam. 

The  frame  also  carries  a  blade  which  occludes  a  light  beam  to  trigger  the  recording  system. 


Fig.l.  Prototype  test  rig  shoving  the  inclined  anvil  (A) 
mounted  on  a  massive  monolithic  base  (B)  and 
carrying  a  specimen  of  road  surface.  The  helmet 
(C)  is  raised  by  winch  and  released  from  a  bomb- 
slip  (D) .  The  helmet  is  guided  during  its  fall 
by  vertical  vires,  sliding  carriage  and  a  webbing 
harness  from  which  it  bounces  clear  on  impact. 


Headform.  The  headform  was  constructed  in  hardwood  from  dimensions  given  in  ECE  Regulation  No  22  (refer¬ 
ence  headform  K,  580  sn  head  circumference).  This  specification  was  used  since  it  includes  dimensions  for 
neck  and  chin  and  allovt  a  helmet  to  be  held  by  its  normal  chinstrap.  A  40  ns.  diameter  hole  was  drilled 
vertically  up  from  the  neck  so  that  a  single-axis  angular  accelerometer  could  bo  mounted  at  the  centre  of 
gravity  with  its  sensitive  axis  vertical  (Endevco  Modal  7301).  The  mass  of  the  instrumented  headform  was 
then  adjusted  to  5.0  kg  by  replacing  an  appropriate  volume  of  timber  by  plugs  of  Wood's  metal.  Care  was 
taken  to  achieve  e  realistic  moment  of  inertia  (about  the  vertical  axis)  the  actual  value  finally  obtained 
being  165  kg  cm~2.  Teste  were  carried  out  with  the  headform  horizontal  and  the  accelerometer  axis  parallel 
with  the  anvil  surface,  so  that  impacts  could  take  place  at  any  selected  point  on  the  horizontal  circumfer¬ 
ence  of  the  helmet. 


Anvil.  This  consisted  of  a  sheet  of  steel,  4.5  os  thick  and  measuring  1.37  m  tall  by  406  am  vide  bolted 
against  a  framework  of  40  x  40  x  6  an  steel  angle  at  an  angle  of  15°  from  the  vertical.  The  rig  was  bolted 
to  the  concrete  monolithic  block  of  the  drop  tower  via  a  base  frame  of  70x  70x6  os  steel  angle.  Differing 
impact  surfaces,  each  measuring  300  x  300  n,  were  mounted  on  the  centre  of  the  anvil  using  further  steel 
angle  (Fig.l).  Semples  of  'typical'  road  surfaces  were  made  up  by  the  Transport  and  Road  Research  Labora¬ 
tory  at  Crowthorne,  Buckinghamshire.  Following  impact,  the  helmeted  headform  was  caught  in  a  box  lined  with 
100  am  thick  energy  sbsorbing  Temper foam.  This  prevented  further  damage  and  limited  rotation  to  about  one 
full  revolution. 
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Instrumentation.  The  output  of  the  angular  accelerometer  was  amplified,  stored  on  a  transiant  recorder 
(Datalab  Series  2000),  and  displayed  on  an  oscilloscope  (Hewlett-Packard  1201B) .  Permanent  records  were 
obtained  on  Polaroid  film. 


RESULTS  AND  DIS  USSION 


1000 

rads"2 

0 


Fig. 2.  Unfiltered  recording  of  angular  acceleration. 


A  typical  oscilloscope  recording  is  illustrated  in  figure  2.  The  high  frequency  component  was  subse¬ 
quently  removed  by  the  addition  of  a  low  pass  filter.  Tl.it  record  was  obtained  from  a  3.0  m  drop  of  a 
polycarbonate  full-jftce  helmet  on  to  a  fine  macadam  road  surface  (BS  4967:1973,  6  ntn  nominal  sita  medium- 
textured  wearing-course  macadam).  The  record  shows  two  peaks  lasting  for  tome  7  ms  and  a  longar  tail,  the 
total  Impact  event  lasting  for  16  ms.  The  peak  angular  acceleration  was  640  rads  a-2  and  integration  of 
the  trace  gave  a  terminal  angular  velocity  of  5.9  rad  s"1  and  an  overall  angular  displacement  of  0.053  rad 
(about  3  degrees).  The  record  may  be  compared  with  the  traces  left  by  the  helmet  as  it  scuffed  along  the 
macadam  (Fig.l)  which  show  a  double  broad  mark  over  50  mm  and  a  longer  narrow  tail.  At  the  thaoretical 
impact  velocity  of  7.7  ms"1,  tha  double  mark  equates  with  a  time  of  6.5  ms  and  the  whole  event  lastad  for 
16  ms.  The  impact  can  be  interpreted  as  consisting  of: 

1.  initial  contact  of  helmet  shell  with  anvil  flattens  it  against  tha  surface  giving  e  broad  scuff 
mark; 


2.  the  shell  starts  to  bounce  off  the  anvil  but  is  rapidly  force!  back  by  the  inertia  of  the 
headform; 


3.  tha  headform/helmet  combination  rebounds  from  the  anvil,  and  as  the  force  of  contact  falls,  the 
shell  recovers  its  normal  shape  and  light  contact  is  initially  maintained.  It  may  ba  noted  that 
linear  acceleration  traces  having  two  peaks  are  frequently  saan  in  conventional  impact  tests  when 
forcas  are  measured  in  the  striker  (Glaister,  1979)  . 


Many  drops  were  carried  out  using  various  helmet  and  surfaca  combinations,  but  no  comprehansive  eerias 
of  tests  was  conducted  for  reasons  which  included  1)  problems  with  the  flying  lead  which  tendad  to  snag  and 
break,  2)  limitations  of  impact  site  caused  by  the  single  axis  of  accelerometry,  3)  damage  to  the  impact 
surfaces,  especially  whan  attempts  were  made  to  impact  hairnet  prominences  such  as  studs  and  rivals,  and 
4)  limited  frequency  response  due  to  tha  relative  flexibility  of  tha  anvil.  The  method  did  appear  promis¬ 
ing,  however,  and  it  was  decided  to  modify  the  test  so  as  to  record  anvil  forces  rather  than  headform 
forces.  The  theoretical  advantages  offared  by  this  approach  are  that  it  dispenses  with  the  vulnerable  fly¬ 
ing  lead  and  can  treasure,  separately,  perpendicular  and  longitudinal  impact  forces.  At  the  same  time  the 
rig  was  redesigned  to  ba  stiffar,  to  give  an  improved  frequency  response. 


Phase  2 


APPARATUS 

Anvil.  The  anvil  (Fig. 3)  was  designed  after  discussion  with  the  manufacturers  of  quarts  load  measuring 
waskers .  It  consists  of  a  block  of  cast  aluminium  measuring  200x250  as  by  45  tm>  thick  firmly  attached  to 
a  second  L-shaped  block  by  six  load  washers  (Kistler  Instruments  Quarts  Load  Washers  Type  9031).  A  matched 
set  of  four  of  these  were  evenly  spaced  behind  tha  anvil  to  measure  perpendicular  forcas  whilst  another 
matched  pair  were  placed  at  its  lower  edge  to  aeasura  longitudinal  forces.  Each  load  cell  was  backed  by  a 
PTFE  (Teflon)  washer,  0.2  am  thick,  to  allow  tha  necessary  slippage  (each  washer  has  a  stated  rigidity  of 
6  kN/ua)  and  the  surfaces  of  the  blocks  were  machined  to  give  uniform  load  distribution.  The  load  washers 
were  individually  pre-tensionad  to  10  kN  by  high  tensile  steal  studs  using  the  manufacturer’s  calibration 
figures  and  amplifier  (Kistler  Instruments  Charge  Aaqilifier  Type  5007)  and  the  complete  anvil  was  than 
calibrated  using  a  250  kT  servo  press  (Mayes),  the  load  washer  outputs  being  paralleled  in  the  two  sate  of 
four  and  t.-o. 

The  an/il  was  mountsd  between  two  A-frames  welded  up  from  50x50x8  B  steel  angle  and  stiffened  by 
4  am  thick  steel  plates  (Fig. 3).  The  A-frames  were  bolted  to  a  sub-frasm  of  70 x 70 x 6  a  staal  angle  which 
in  turn  was  bolted  to  the  monolithic  concrete  base  of  tha  test  tower.  This  somewhat  complex  design  retained 
rigidity  whilst  allowing  tha  rig  to  be  removed  without  disturbing  the  vartical  guide  wires.  Tha  anvil  faca 
was  centred  500  am  above  tha  top  surface  of  the  concrete  base  and  130  am  behind  its  centra  liue.  Slots  in 
the  sub-frame  provided  80  mt  of  fora  and  aft  adjustment  and  allowed  impacts  to  be  centred  on  the  anvil  face. 

Instrumentation.  Tha  two  paralleled  outputs  from  tha  load  washera  were  fad  to  two  charge  a^liiiers  and 
thanca  to  two  channels  of  the  transient  recorder.  Tha  praviously  determined  calibration  factors  wera  used 
to  set  up  the  amplifiers  and  wera  also  dialled  into  a  Charge  Calibrator  (Kistler  Instruments  Type  5351) 
which  was  used  to  aat  up  and  calibrate  tha  entire  recording  system.  Tha  transiant  recorder  was  triggered 
externally  from  a  light  beam  interrupted  just  ^irior  to  impact  or,  on  occasion,  by  usa  of  its  internal 
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pre-trigger  facility.  Output*  from  it  were  displayed  on  a  two-beam  oscilloscope  (Hewlett-Packard  Type 
180A)  and,  when  permanent  recordings  were  required,  the  traces  were  photographed  on  Polaroid  film. 

f  ! 
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The  'definitive'  test  rig  showing  the 
instrumented  anvil  mounted  between  rigid 
steel  A-frame3  bolted,  via  a  sub-frame, 
to  the  monolithic  base  of  the  drop  tower. 


RESULTS  AND  DISCUSSION 

Mechanical  Performance.  Calibration  curves  for  the  two  transducers'  axes  are  illustration  in  figure  4. 
Linearity  is  excellent  and  the  slopes  of  the  two  line*  were  used  to  set  up  smplifier  gains  for  subsequent 
tests. 
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Fig. 4.  Calibration  curves  for  the  two 
axes  of  the  instrumented  anvil. 


Resonant  frequency  wee  measured  by  tapping  the  anvil  in  either  axis  with  a  light  baimMr  and  with 
160  Uit  low-pass  filters  fittad  to  the  charge  amplifiers.  With  the  anvil  fraa  standing,  valuas  were  close 
to  the  9.9  kHs  (perpendicular)  and  7.0  kHz  (longitudinal)  calculated  from  the  mats  on  the  anvil  and  the 
manufacturer's  figurat  for  th.t  rigidity  of  the  load  washer*.  With  the  anvil  mounted,  the  resonant  fre¬ 
quencies  fall  to  3.4  kHe  and  4.0  kHt  respectively,  but  these  valuas  are  still  well  outside  the  channel  fre¬ 
quency  class  1,000  He  recoeaenued  for  head  i^act  studies  (ISO  6487-1980).  Low-pas*  filters  with  a  -3  dB 
point  of  1.6  kHz  and  slope  of  12  da  per  octave  were  utad  with  the  charge  amplifier  in  all  subsequent  taste 
in  line  with  this  recoMendation. 
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Cross-tal1'.  between  channels  was  investigated  by  tapping  the  anvil  in  either  axis  using  a  soft  headed 
hammer.  Some  flexing  of  the  anvil  was  demonstrable,  despite  its  thickness,  but  satisfactory  results  were 
obtained  over  most  of  its  front  surface  as  illustrated  in  figure  5.  Impacts  were  subsequently  arranged  so 
as  to  avoid  the  lowermost  50  on  of  the  anvil  where  a  perpendicular  force  would  have  biased  the  measurement 
of  a  simultaneous  longitudinal  force. 


Fig. 5.  Two  axis  recordings  from  the  instrumented  anvil  following  (left)  perpendicular  and 
right  (longitudinal)  impacts  from  a  soft-headed  hammer. 

Drop  Height.  Tests  were  restricted  to  a  drop  height  of  5.C  m  (compared  to  3.0  m  in  the  Phase  1  tests) 
giving  a  free-fall  terminal  velocity  of  9.90  ms-1  (22.2  mph) .  With  an  incident  angle  of  15°,  this  gives  a 
horizontal  component  of  9.56  ms-1  (21.4  mph)  end  a  vertical  component  of  2.56  ms-1  (5.7  mph).  These  impact 
velocities  are  relatively  low  when  compared  to  real  accidents,  but  considered  sufficient  to  evaluate  the 
methodology,  and  also  practical  in  terms  of  drop  heights  available  on  moat  existing  test  rigs.  Studies  are 
planned  at  drop  heights  of  up  to  9.5  m,  giving  horizontal  and  vertical  components  of  13.18  ms-1  (29.5  mph) 
and  3.53  ms~l  (7.9  mph)  respectively,  and  alto  with  the  anvil  leas  steeply  inclined  so  as  to  increasa  the 
vertical  velocity  component. 

Anvil  Surface.  Impacts  were  conducted  on  a  variety  of  aluminium  oxide  and  silicon  carbida  coated  cloth 
and  fibre  sheets  with  particle  sizes  of  grades  24  and  80  (J.G.  Naylor  and  Co  Ltd),  and  on  a  3  ran  Shellgrip 
surface  having  a  texture  depth  of  1,2  nsn  (BS  4987:1973).  All  surfaces  became  clogged  after  repeated  impacts, 
especially  with  glaaa  fibre  reinforcad  (GRP)  helmets,  and  clearly  needed  frequent  replacenmnt.  Shellgrip 
gave  a  very  coarse  abrasive  mark,  quite  different  from  the  smooth  scuffs  seen  with  the  road  surfaces  used 
in  the  Phase  1  tests,  but  comparable  to  those  seen  with  the  grade  24  abrasive.  Since  tha  road  surfaces 
varied  to  such  a  degree,  tha  finer  grada  80  abrasive  appeared  a  reasonable  compromise  on  which  to  standard¬ 
ise.  No  difference  was  apparent  betvean  tha  aluminium  and  silicon  baaed  materials,  but  it  was  found  that 
the  rigid  fibre  sheet  backed  material  was  easier  to  support  on  the  anvil.  Further  teats  were,  therefore, 
carried  out  using  a  grade  80,  closad  cost,  Resinbond  Corolith  (aluminium  oxida) . 


Fig. 6.  Two  axis  recordings  from  the  instrumented  anvil  obtained  by  dropping  (left)  a  motor¬ 
cyclist's  hairnet  and  (right)  an  aircrew  protective  hairnet. 

Impact  Forces.  Typical  recordings  ara  illustrated  in  figura  6.  That  on  tha  laft  was  obtained  by  striking 
the  smooth  shall  surface  of  a  full-faca  GRP  motorcyclist's  helmet;  whilst  in  that  on  the  right  the  impact 
point  was  the  aluminium  visor  mounting  of  an  RAF  Mt  3  aircrew  helmet.  When  the  tracas  are  compared  with 
results  from  Phase  1  (Fig  2),  it  it  clear  that  the  sacond  axis  of  fores  measurement  assists  in  the  inter¬ 
pretation  of  impact  events. 

Thus,  tha  longitudinal  force  provides  tha  rotation  inducing  torque  and  is  proportional  to  th«  induced 
angular  acceleration,  whilst  tha  area  of  the  force/ tiae  trace  is  proportional  to  the  angular  velocity 
attained  by  tha  halmeted  ha ad form,  Thesa  factors  will  be  related  to  tha  risk  of  injury  due  to  haad  rota¬ 
tion  and,  a van  if  absolute  tolerance  limits  are  unknown,  the  graatar  the  forces,  the  greater  will  be  the 
risk  of  resulting  injury.  The  perpendicular  fores  is  an  indication  of  tha  energy  absorbing  properties  of 
the  helmet  (as  in  conventional  ia^act  t>.st  methods),  whilst  the  ratio  of  longitudinal  to  parpandieular 
forces  is  a  measure  of  the  coefficient  of  friction  at  any  instant  during  tha  impact  event. 
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Comparison  of  the  two  recordings  of  figure  6  show  how  these  several  factors  can  vary  from  helmet  to 
helmet.  With  the  motorcyclist's  helmet,  the  coefficient  of  friction  remains  relatively  constant,  ranging 
only  from  0.15  at  the  first  peak,  to  0.17  in  the  trough  and  0.18  at  the  second  peak.  With  the  RAT  helmet, 
however,  the  coefficient  started  at  a  very  low  value  (less  than  0.05)  to  reach  a  comparable  level  (0.13) 
later  in  the  impact.  Figures  as  high  as  0.34  have  been  seen  in  helmets  with  thermoplastic  shells  (for 
example,  figure  7h) . 

Integration  of  the  longitudinal  force/time  traces  of  figure  6  gives  areas  in  the  ratio  of  1.0  to  0.5. 
Assuming  equivalent  angular  inertias  in  the  two  tests,  this  means  that  the  first  helmet  left  the  anvil  with 
twice  the  angular  velocity  of  the  second,  a  further  indication  of  the  lower  sliding  resistance  obtained 
with  the  RAF  helmet. 

Digital  outputs  already  available  from  the  transient  recorder  would  allow  these  factors  (and  deriva¬ 
tives)  to  be  computed  readily  for  any  impact.  For  example,  the  coefficients  of  friction  at  peak  perpendi¬ 
cular  force,  or  at  a  standard  value  of  perpendicular  force,  or  the  maximum  value  during  the  impact,  as 
well  as  the  area  at  the  longitudinal  force/time  curve,  could  prove  to  be  useful  indices  for  comparing  the 
performance  of  different  helmets. 

GRP  PC  ABS 


C  F  I 

Fi«.7.  Two  axis  recordings  from  the  instrumented  anvil  obtained  by  dropping  glass  fibre 
reinforced  plastic  (GRP),  polycarbonate  (PC)  and  acetyl  butadiene  styrene  (ABS) 
helmets  on  to  a  Shcllgrip  surface  (Sh)  and  on  to  grades  24  and  80  aluminium  oxide 
abrasives.  The  longitudinal  scale  (L)  is  500  N,  the  perpendicular  (P),  1  kN  and 
the  time  base,  2  ms  per  division. 

Shell  Hater ial.  Figure  7  illustrates  recordings  for  three  different  helmet  shell  compositions  -  GRP,  and 

polycarbonate  (PC)  and  acetyl  butadiene  styrene  (ABS)  thermoplastics  -  and  for  three  impact  surfaces  - 
Shellgrip  (Sh)  and  24  and  80  grade  aluminium  oxide.  All  helmets  were  open-face  models  of  medium  size,  the 
GRP  one  to  BS  2495,  the  thermoplastic  ones  to  BS  5361.  Both  impsct  surfaces,  shell  and  anvil,  affect  the 
forcea  developed.  Thus,  Shellgrip  gives  lover  longitudinal  forces  though,  apart  from  ASS,  tha  differences 
are  small;  whilst  ABS  gives  greater  longitudinal  forces  on  all  three  impact  surfaces.  Coefficients  of 
friction,  estimated  at  the  time  of  maximum  perpendicular  force  in  each  cate,  range  from  0,12  for  ABS  on 
Shellgrip,  to  0.34  for  ABS  on  grada  24  aluminium  oxide.  ABS  also  gives  greater  angular  velocities  as  esti¬ 
mated  from  the  areas  of  the  force/tima  traces  (especially  with  the  abrasives)  and  this  effect  is  alto 
apparent  from  examination  of  tha  ahells  post-upset.  Figure  8a  illustrates  an  initial  scrape  followed  by 
a  peppery  appearance  where  the  shell  has  rolled  against  the  anvil  vithout  further  sliding,  typical  of  ABS, 
and  this  may  be  compared  vith  the  continuous  scrape  mark  of  a  GRP  helmet  (Fig  8fc) .  Similar  scrape  marks 
have  been  seen  in  helmets  worn  in  real  accidents  (for  exa^>le,  Aldman  et  al.,  1978,  and  the  Birmingham 
Accident  Research  Unit  (personal  covunication)) . 

A  aimilar  conclusion  can  be  drawn  from  examination  of  the  anvil  surface  post-impact  (Fig  9).  Polycar¬ 
bonate  appears  to  fall  between  thee*  two  extremes,  but  acre  tests  are  required  before  such  generalisations 
can  be  firmly  established.  It  may  also  be  noted  that  a  new  form  of  polycarbonate  is  in  production  contain¬ 
ing  a  greater  concentration  of  plasticiser  then  present  in  the  material  tested  here,  and  this  may  affect 
its  sliding  resistance. 
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Fig. 8.  Helmet  (hell  (urfacea  following  oblique  impacts  against  Shellgrip.  Left,  acetyl 
butadiene  (tyrene  (ABS) ;  right,  glaaa-fibre  reinforced  plastic  (GRP). 


Fig. 9.  Grade  80  aluminium  oxide  anvil  surface 
following  identical  impacts  from  left, 
a  GRP  helmet  and  right,  an  ABS  helmet. 
Force  recordings  arc  illustrated  in 
figures  7  i  and  c. 


Shell  Profile.  Figure  6  shows  that  the  use  of  a  simple  abrasive  impact  surface  does  not  permit  meaningful 
differentiation  between  helmets  impacted  on  a  smooth  part  of  the  shell,  or  on  a  rigid  projection.  Other 
tssts  have  confirmed  thst  the  small  impact  areas  of fared  by  such  projections  tend  to  reduce  longitudinal 
forces.  Rigid  projections  (depending  on  their  strength)  could,  however,  catch  in  a  more  irregular  impact 
surface  and  cause  increased  angular  acceleration.  This  property  is  to  be  investigated  iy  use  of  a  modified 
envil  surface  made  up  from  transverse  bars  of  steel  with  appropriately  radiused  upper  edges. 

Helmet  Fit.  A  loose  fit  of  the  helmet  on  the  headform  will  allov  initial  rotation  of  the  helmet  alone, 
followed  by  helmet  plus  headform  as  the  slack  is  taken  up.  This  mechanism  offers  a  further  explanation  for 
the  double  hump  recordings  previously  discussed  in  Phase  1.  In  reality,  both  motions  (relative  rotation  and 
bottoming  of  liner  on  headform)  probably  tuke  place  synchronously.  The  amount  of  rotation  available  will 
also  depend  on  other  factors  such  as  the  direction  of  impact,  chin  strap  tension,  and  the  greater  coverage 
given  by  a  full-face  helmet.  It  is  important,  therefore,  that  tests  are  carried  out  on  the  correct  site  of 
headform  (which  should  be  as  anatomically  representative  as  pos.ible)  or,  until  more  head forme  sre  avail¬ 
able,  arc  restricted  to  the  correct  size  of  helmet. 

CONCLUSIONS 

The  oblique  impact  test  rig,  as  developed  through  the  two  phases  of  this  report,  functions  well  with 
no  outstanding  major  problems. 

Preliminary  tests  indicate  that  the  method  can  be  used  to  differentiate  between  various  helmet  shell 
materials,  but  that  a  special  anvil  face  will  oe  required  to  examine  irregularities  <n  a  helmet’s  outer 
surface. 

Recordings  obtained  give  information  on  the  inatautaneoua  levels  of  friction  developed  during  impact, 
on  the  torque  produced  on,  and  angular  acceleration  induceu  in  the  helmstted  headform,  and  on  its  final 
angular  velocity.  All  these  factors  can  be  readily  computed  from  digital  outputs  already  available. 

The  technique  should  provide  a  useful  tool  for  the  investigation  and  further  development  of  protective 

helmets. 
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DISCUSSION 

DESJARDINS  (USA) 

Did  you  acoount  for  the  inertial  effects  of  the  aluminum  strike  surface  on  the  load  cell  response?  From  the  pictures 
it  appeared  that  the  impact  block  had  considerable  mass  which  could  influence  the  data. 

AUTHOR'S  REPLY 

Yes.  The  load  washers  are  extremely  stiff;  their  displacement  can  be  measured  in  micrometers--so  that  anvil 
response  can  be  effectively  ignored .  The  anvil  is  analogous  to  the  headform  used  in  linear  impact  tests  where 
transmitted  forces  are  monitored  --  only  operate  in  two  axes . 

STEELE- PERKINS  (UK) 

In  an  effort  to  reduce  angular  decelerative  loads  on  the  head,  do  you  feel  that  a  recommendation  limiting  the 
type  of  material  used  in  the  helmet's  construction  might  follow  in  due  course? 

AUTHOR'S  REPLY 


The  primary  objective  is  to  get  away  from  constructional  requirements.  What  I  would  like  to  see  is  a  test 
similar  to  that  which  I  have  described  used  to  assess  prototype  helmets  (type  approve  testing) .  Then,  if  a 
certain  helmet  feature  were  shown  to  induce  greater  angular  forces  than  the  established  criterion  it  would  go 
back  to  the  manufacturer  for  modification.  The  final  form  of  the  helmet  would  then  be  based  entirely  on  its 
functional  performance.  Current  helmets  may  not  be  of  the  optimum  configuration. 
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SUMMARY 


Rece-rit  advances  in  US  Army  procedures  for  the  identification  and 
reporting  of  personnel  injuries  resulting  from  aircraft  mishaps  are  reviewed. 
Mishap  injury  data  requirements  based  on  the  needs  of  retrospective  and 
prospective  analyses  are  discussed.  The  requirement  for  these  analyses  to 
support  engineering  management  decisions  that  will  implement  remedial 
programs  to  correct  identified  crashworthiness  deficiencies  is  discussed. 

This  paper  summarizes  the  US  Army  process  for  gathering  aviation  mishap 
injury  data,  describes  modifications  to  procedures  and  codes  for  recording 
injury  data,  and  provides  examples  of  use  of  the  data  resulting  in 
fleet-wide  improvement  programs. 


INTRODUCTION 


Since  the  earliest  days  of  flight,  it  has  been  an  inescapable  fact  that  aviation 
mishaps  will  occur  in  spite  of  all  efforts  to  the  contrary.  This  statement  is  made  not 
in  an  attempt  to  detract  from  £he  value  of  mishap  prevention  but  to  point  out  that  man 
is  an  inherently  fallible  creature,  and  he  has  endowed  the  equipment  and  the  systems 
that  he  develops  with  the  same  fallibility.  Efforts  toward  mishap  prevention  have 
reduced  the  US  Army  aviation  mishap  rate  considerably  over  the  last  decade;  however, 
this  rate  appears  to  be  plateauing  toward  a  relatively  constant  value  (Figure  1). 
Efforts  toward  reducing  this  rate  must  be  continued,  but  realistically  one  must  assume 
that  the  goal  of  a  zero  accident  rate  is  not  achievable.  Furthermore,  it  is  inevitable 
that  crashes  will  occur  as  a  result  of  enemy  action  in  a  combat  environment. 
Consequently,  to  minimize  these  costs  both  in  terms  of  materiel  and  personnel  losses, 
it  is  vital  to  design  crashworthy  aircraft  and  effective  life  support  equipment. 
Crashworthy  designs  are,  in  part,  achieved  through  an  understanding  of  injury 
mechanisms  identified  through  mishap  investigations. 

Numerous  papers  over  the  past  25  years  have  reported  the  incidence  and  distribution 
of  injuries  occurring  in  US  Army  aviation  mishaps  (1,2, 3, 5, 6).  Probably  the  most 
salient  feature  of  this  quarter  century  of  tracking  injuries  is  that  the  distribution 
and  type  of  injuries  have  changed  very  little,  with  one  important  exception.  Thermal 
injury  as  a  cause  of  death  in  survivable  accidents  has  been  reduced  from  41%  in  1969 
(3)  to  essentially  zero  today  (7,9)  due  to  the  introduction  of  crashworthy  fuel  systems 
in  most  US  Army  helicopters  in  the  early  1970's.  This  rather  dramatic  achievement 
occurred  through  a  process  of  identification  and  documentation  of  the  problem  (mishap 
investigations)  which  led  to  a  practical  engineering  solution.  Implementation  of  a 
"fix"  normally  requires  a  cost  justification  (i.e.,  cost  analysis),  but  in  the  case  of 
thermal  injury  the  nature  and  severity  of  the  problem  was  so  great  that  little  cost 
analysis  was  required. 


CAUNOAUrfM 

FIGURE  1— US  ARMY  AVIATION  MISHAP  EXPERIENCE  (CY  1970-CY  1981) 
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Although  this  example  demonstrates  the  general  method  of  approaching  injury 
prevention,  thermal  injury  was  a  rather  obvious  problem  with  fairly  readily  obtainable 
solutions.  Prevent!?'-  of  the  most  prevalent  areas  of  injury,  namely  to  the  head, 
spine,  and  extremities  (6)  is  proving  to  be  a  far  more  elusive  objective.  Solutions  to 
these  problems  are  requiring  considerably  more  detailed  and  accurate  data  than  has 
been  collected  in  the  past,  and  the  cost  effectiveness  of  proposed  solutions  must  now 
be  readily  demonstrable  in  order  to  justify  their  implementation.  Identification  of 
mechanisms  of  injury  and  their  relationship  to  life  support  equipment  (LSE),  i.e., 
seats,  restraints,  helmets,  have  become  primary  concerns  in  the  quest  for  means  of 
preventing  injury.  Furthermore,  since  this  is  basically  an  epidemiological  problem 
requiring  the  compilation  and  analysis  of  relatively  large  volumes  of  data,  the  data 
should  be  readily  reduced  to  a  form  that  can  be  stored  and  processed  by  computer. 
Recognizing  these  problems,  the  US  Army  Safety  Center  (USASC) ,  together  with  the  Armed 
Forces  Institute  of  Pathology  (AFIP)  and  the  US  Army  Aeromedical  Research  Laboratory 
(USAARL) ,  has  developed  a  system  of  aircraft  mishap  injury  investigation  and  analysis 
that  will  be  described  in  this  paper. 

CRASH  INJURY  IDENTIFICATION  AND  REPORTING 
OVERALL  MISHAP  INVESTIGATION  PROCESS 

Since  1978,  the  US  Army  has  used  a  system  of  Centralized  Mishap  Investigation 
( CMI )  wherein  USASC  provides  investigators  for  the  majority  of  major  aviation  mishaps. 
The  USASC  maintains  a  number  of  investigation  teams;  each  consisting  of  three  members 
(board  president,  air  safety  specialist,  and  recorder).  The  team  serves  as  the  core  of 
the  investigation  board  and  draws  on  local  expertise  and  resources  to  conduct  the 
investigation.  This  system  of  providing  a  highly  trained  and  experienced  team  of 
investigators  to  direct  the  investigation  of  most  major  mishaps  has  improved  the 
overall  technical  quality  of  investigations  by  insuring  a  thorough  and  standardized 
approach  and  uniform  reporting  methods. 

In  1979,  through  an  agreement  between  USASC  and  AFIP,  AFIP  began  providing,  on  a 
time  available  basis,  an  aerospace  pathologist  to  perform  the  autopsies  on  fatalities 
in  US  Army  mishaps.  Since  the  inception  of  the  program,  AFIP  has  performed  all  but  a 
few  of  the  autopsies.  This  has  vastly  improved  the  quality  of  necropsy  data  because 
these  aerospace  pathologists  are  well  trained  in  forensic  methods,  and  they  are 
particularly  attuned  to  the  determination  of  injury  mechanisms  derived  not  only  through 
analysis  performed  at  the  autopsy  table  but  also  through  correlation  with  the 
kinematics  of  the  crash  and  damage  to  the  aircraft  and  LSE.  Before  1979,  autopsies 
were  performed  by  local  hospital  pathologists  or  medical  examiners  who  may  or  may  not 
have  possessed  the  necessary  interest  or  training  to  perform  a  comparable  quality 
investigation.  The  flight  surgeon  assigned  to  the  mishap  investigation  board  assists 
the  aerospace  pathologist  in  his  investigation  and  does  a  similar  injury  investigation 
on  all  individuals  who  survived  the  mishap. 

As  an  adjunct  to  the  onsite  injury  investigation  provided  by  the  investigation 
board  and  AFIP,  USAARL  has  established  the  Aviation  Life  Support  Equipment  Retrieval 
Program  (ALSERP)  which,  by  Army  regulation,  requires  that  all  items  of  aviation  LSE  "in 
any  way  implicated  in  the  cause  or  prevention  of  injury"  be  sent  to  USAARL  for  detailed 
analysis  (8).  This  program  seeks  to  precisely  define  the  effectiveness  of  LSE  involved 
in  mishaps  by  correlating  damage  to  the  equipment  with  injuries  (or  lack  of  injuries) 
and  other  data  derived  from  the  field  investigation  of  that  particular  mishap.  This 
data  is  coded  and  stored  in  a  computer  for  later  use  in  identifying  trends  or 
consistent  failure  modes  for  various  items  of  LSE.  Once  problems  with  a  particular 
piece  of  equipment  are  identified,  recommendations  for  changes  in  design  criteria  can 
be  made.  The  major  accomplishment  of  this  program  to  date  has  been  the  identification 
of  various  failure  modes  of  the  current  US  Army  aviation  helmet  which  has,  in  part,  led 
to  the  drafting  of  new  aviation  helmet  design  criteria  (4).  This  program  is  also  being 
used  to  monitor  the  functioning  of  energy-absorbing  seat  designs  which  are  currently 
being  introduced  to  the  field. 


FIGURE  2 — INJURY  INVESTIGATION 
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As  shown  in  Figure  2,  this  combination  oi  centralized  mishap  investigation, 
centralized  postmortem  examination  of  fatalities,  and  systematic  analysis  of  retrieved 
LSE  has  vastly  improved  the  depth  and  quality  of  injury  investigation  in  US  Army 
aviation  mishaps  through  standardization  of  procedures  for  data  collection  and  by 
using  experienced  and  highly  trained  individuals  in  key  positions. 


AVIATION  CRASH  INJURY  REPORTING  SYSTEM 

The  aviation  mishap  investigation  process  described  above  provides  the  overall 
framework  for  the  identification  and  recording  of  aircraft  crash  injury  information.  A 
modified  injury  coding  system  has  been  developed  to  operate  within  this  framework  and 
provide  the  necessary  medical,  engineering,  and  management  information  to  support 
required  remedies.  Completed  in  1981,  the  format  and  structure  of  this  code  are 
described  below. 


Overall  Format  of  Code 


The  proposed  code  is  structured  to  include  the  four  data  fields  shown  in  Table  I 
below: 

Each  one  of  the  data  fields  will  be  described  separately,  after  which  an  example  will 
be  provided  which  demonstrates  use  of  all  the  data  fields  together.  The  proposed 
reporting  system  provides  that  each  injury  data  field  will  be  reported  for  each 
separate  and  distinct  injury  cause  factor  as  defined  below. 


TABLE  I 

OVERALL  STRUCTURE  OF  PROPOSED  US  ARMY  AVIATION  MISHAP  INJURY  CODE 


Data 

Field 

Number 

Nomenclature 

Informetion  Provided 

Number  of 
Dote 

Elements 

1 

Identifier 

Madical  description  of 
trauma 

5 

2 

Mochenism 

Physical  process  of  injury 
occurrenca 

2 

3 

Deficiency 

Underlying  ceusels) 

3 

4 

Cost 

Economic  Impect  of  lost 
time,  etc. 

1 

Injury  Identifier 

The  trauma  incurred  by  each  occupant  is  reported  in  terms  of  a  medical  description 
of  the  injuries  and  their  individual  severities.  Injuries  suffered  by  those  requiring 
less  than  first  aid  are  reported  as  "none."  For  others,  the  injury  characteristics 
shown  in  Table  II  are  reported  for  each  distinct  injury. 

Actual  codes  used  for  each  of  these  data  elements  are  available  from  USASC.  A 
major  departure  from  previous  practice  is  the  proposed  identification  of  injury 
location  in  terms  of  the  combination  of  an  overall  major  body  part,  its  aspect,  and  the 
system  involved.  This  is  in  contrast  to  the  common  practice  of  a  specific  anatomical 
identification.  This  departure  greatly  enhances  the  usefulness  of  the  codeu  data  for 
identification  of  remedial  measures  for  most  injury  types.  For  certain  exceptions, 

TABLE  II 

INJURY  IDENTIFIER  DATA  ELEMENTS 


Date  Element 

Nomenclature 

1 

Location  of  Injury  (major  body  region) 

2 

Aspect(s)  of  Injured  region  effected 

3 

Type  of  lesion 

4 

Body  system  Involved 

6 

Injury  severity  (esteblished  in  accordance  with  (1)1 
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provisions  are  made  for  more  specific  injury  location  identification.  At  this  writing, 
there  are  two  exceptions  anticipated — the  specific  anatomical  part  will  be  reported  for 
(1)  spinal  injuries,  and  (2)  for  head  (skull)  injuries.  This  is  necessary  in  the  two 
cases  listed  in  order  to  determine  the  specific  remedial  measures  needed. 


Injury  Mechanism 

The  mechanism  of  injury  occurrence  is  used  to  describe  the  physical  process  through 
which  each  injury  occurred.  The  injury  mechanism  is  constructed  in  a  sub ject-verb- 
qualifier  format.  Two  data  elements  are  used — the  mechanism  action  ("verb")  and  the 
mechanism  qualifier.  The  injury  location  (body  part)  provides  the  subject.  Thus,  a 
simple  sentence  is  formed  from  standardized  codes  to  describe  the  injury  mechanism  such 
as  spine  (L-l)  "received  excessive  vertical  force."  Multi-year  studies  of  aviation 
injury  patterns  were  used  as  the  basis  for  selection  of  the  particular  mechanisms  to  be 
included  in  the  lists  of  codes.  An  attempt  was  made  to  balance  the  requirement  for 
mechanism  specificity  with  needs  of  engineering  analysis.  An  overly  detailed  code 
hampers  the  identification  of  corrective  actions. 


Injury  Cause  Factor 

The  injury  cause  factor  is  identified  as  that  underlying  deficiency  (or 
deficiencies)  which  permitted  or  caused  the  mechanism  to  occur.  Injury  causes  are 
identified  primarily  in  terms  of  hazards  associated  with  the  design  of  the  aircraft  or 
life  support  equipment  (such  as  "seat  allowed  excessive  loading").  Operational  injury 
causes  are  also  included  such  as  "failed  to  use  restraint  system." 

The  injury  cause  factor  is  constructed  in  a  subject-verb  qualifier  format  in  a 
manner  similar  to  that  used  for  the  mechanism  above.  Thus,  the  injury  cause  is  formed 
in  a  simple  sentence  from  standardized  codes. 


Injury  Cost 

US  Army  Regulation  385-40  (10)  establishes  the  economic  impact  of  various  injury 
severity  levels  based  on  lost  workdays,  restrictions  from  duty,  and  other  similar 
considerations.  Estimates  of  the  cost  of  each  individual  injury  suffered  by  each 
casualty  are  computed  according  to  these  figures  and  projections  by  the  flight  surgeon 
regarding  the  prognosis  for  recovery.  Injury  costs  are  calculated  by  USASC  personnel 
based  on  data  provided  by  the  field  investigation.  The  technique  for  calculating 
injury  cost  insures  that  each  distinct  injury  is  "weighted"  according  to  its  individual 
severity.  The  sum  for  any  casualty  of  the  weighted  costs  for  all  injuries  is  equal  to 
the  overall  cost  for  that  individual. 


Hypothetical  Example  of  Use  of  The  Injury  Code 

The  above  components  of  the  injury  code  are  established  for  each  distinct  injury 
suffered  by  each  injured  occupant.  "Distinct"  injuries  are  defined  as  those  (a)  with 
different  cause  factors,  or  (b)  occurring  to  different  major  body  regions.  This 
information  provides  a  description  of  the  injuries,  causes,  and  costs  in  a  format  and 
level  of  detail  which  facilitates  analysis  of  critical  trends.  Thus,  an  injury  code 
such  as  the  hypothetical  example  shown  in  Table  III  below  is  established  for  each 
casualty. 


TABLE  III 

HYPOTHETICAL  EXAMPLE  OF  USE  OF  INJURY  CODE  FOR  CASUALTY  SUFFERING  MAJOR  INJURIES 


INJURY 

NUMBER 

Lacatitu 

INJURY  DESCRIPTION 

A  apect  T  f  pa  Sy  ittai 

Severity 

MECHANISM 

Action  Qualifier 

CAUSE  FACTOR 

Subject  Actien  Quelifier 

Injury 

Cast 

I 

'Spine, 

U 

Inferior 

Fracture, 

romp 

9wt*tal 

Mayor 

Received 

Excessive 
Dece  (native 
Force 

Seal 

Allowed 

Excessive 

Loading 

145.405 

2 

Face 

Anterior 

Laceraticn 

Skin 

Mayor 

Struck 

Gun  sight 

Design 

Piovided 

In  adequate 
Clearance 

54.541 

) 

Hand 

Right 

Contusion 

Skm 

Minor 

St  nick 

Structure 

Extremities 

Flailed 

On  lmpa«.  t 

154 

T...I  150.000 


DEVELOPMENT  STATUS  OF  INJURY  CODE 

Initial  development  of  the  proposed  injury  reporting  and  analysis  system  was 
completed  in  eatiy  1981.  This  code  has  been  partially  tested  in  retrospective  analyses 
of  Army  aircraft  mishap  reports  performed  by  USASC  with  assistance  of  other  Army 
agencies.  In  these  analyses,  the  injury  code  was  demonstrated  to  facilitate  the 
identification  and  ranking  of  crash  hazards  in  helicopter  designs,  as  discussed  below. 
Other  retrospective  analyses,  performed  by  USAARL,  of  specific  head  and  spine  injury 
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patterns  indicated  that  the  initial  code  lacked  sufficient  specificity  in  these  two 
body  regions,  and  the  code  has  been  modified  accordingly.  Evaluations  have  indicated 
that  the  proposed  code  requires  more  injury  data  than  the  previous  system  but  that  the 
data  should  be  generally  available  within  a  mishap  investigation. 

Results  indicate  the  code  provides  detailed  information  regarding  injury 
mechanisms,  causes,  and  costs.  This  information  permits  critical  cause  factors  to  be 
rank  ordered  according  to  the  severity  of  their  effect  over  selected  time  periods. 

This  data  provides  vital  management  information  regarding  the  need  for  remedial 
programs.  In  addition,  the  injury  causes  are  described  in  a  format  and  terminology 
which  facilitates  engineering  solutions. 


CRASH  HAZARD  ANALYSES 


RETROSPECTIVE  ANALYSES 

Two  levels  of  retrospective  analyses  of  crash  injury  have  been  performed  by  the  US 
Army.  The  first  used  the  coding  system  described  above  to  identify  crash  hazards  in  US 
Army  aircraft.  It  was  envisioned  that  a  primary  output  of  this  effort  would  be  an 
improved  direction  for  crashworthiness  research  and  development  including  the 
identification  of  follow-on  research  required  to  define  specific  design  criteria 
changes  necessary  to  reduce  the  identified  hazards  in  current  and  future  aircraft  and 
LSE. 


Analyses  of  this  type  have  been  completed  for  three  types  of  Army  aircraft;  a 
medium  lift  cargo  helicopter,  an  observation  helicopter,  and  an  attack  helicopter 
(10,11,13).  An  analysis  of  a  utility  helicopter  is  ongoing  and  is  scheduled  for 
completion  during  the  coming  calendar  year.  The  most  significant  results  of  one  of  the 
crash  hazard  analyses  are  discussed  below.  Emphasis  will  be  placed  here  on  those  crash 
hazards  associated  with  excessive  linear  acceleration.  Supportive  information,  such  as 
crash  impact  signatures,  will  also  be  provided  and  related  to  the  injury  causes. 


Components  of  Change  in  Impact  Velocity 

Figure  3  shows  the  longitudinal  and  vertical  components  of  the  change  in  velocity 
of  the  aircraft  center  of  gravity  during  its  major  impact  for  each  of  the  accidents 
studied.  The  resulting  impact  survivability  is  indicated. 


FIGURE  3— VERTICAL  AND  HORIZONTAL  COMPONENTS  OF  IMPACT  VELOCITY  CHANGE 

Estimated  curves  for  the  95th  percentile  impact  and  for  the  95th  percentile 
survivable  impact  are  superimposed  on  the  individual  data  points.  The  95th  percentile 
survivable  impact  curves  indicate  a  “design  space*  for  improvements  within  the  existing 
aircraft  design.  The  95th  percentile  impact  is  analogous  information  which  may  be 
useful  for  design  and  evaluation  of  crashworthiness  features  in  future  helicopters  of 
similar  type.  This  distinction  is  made  because  the  strength  and  crushability  of  the 
existing  airframe  forming  the  “container*  for  the  occupants  limit  the  improvements 
which  can  be  reasonably  proposed  tor  the  current  aircraft.  However,  for  new  aircraft 
designs,  this  limitation  is  not  as  severe  due  to  potential  improvements  in  the 
container  itself.  Thus,  crashworthiness  improvements  for  future  helicopters  should  be 
based  on  what  impacts  are  expected  (such  as  the  95th  percentile  impact  curve)  and  not 
on  what  impacts  were  survivable  in  current  aircraft  (the  95th  percentile  survivable 
impact  curve). 
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Influence  of  Impact  Conditions  on  Injury 

The  strongest  influence  of  impact  conditions  on  injuries  was  the  relationship 
between  vertical  velocity  change  and  spinal  injuries.  Figure  4  depicts  the  relative 
frequency  of  back  injuries  versus  impact  vertical  velocity  change.  This  data  indicates 
that  significant  numbers  of  back  injuries  occur  even  in  impacts  of  less  than  20  feet 
per  second  vertical  velocity  change.  Analysis  of  these  individual  cases  revealed  other 
factors  had  significant  influence  on  these  low  impact  cases.  These  other  influences 
included  the  longitudinal  and  lateral  components  of  the  impact  velocity  and  the 
occupant's  seating  position  at  the  time  of  impact.  However,  the  strongest  influence  is 
shown  to  be  the  vertical  velocity  change.  Increasing  proportions  of  all  occupants 
receive  spinal  injuries  as  impact  exceeds  the  reserve  energy  sink  speed  of  the 
aircraft's  landing  gear  (8  feet  per  second).  These  results  indicate  that  ground  impact 
loads  are  transmitted  with  little  reduction  through  the  fuselage  and  seat  to  the 
occupants . 


Vertical  Vilocity-tpi 


FIGURE  4— RELATIVE  FREQUENCY  OF  SPINAL  INJURIES  VERSUS  CHANGE  IN  VERTICAL  VELOCITY 


Figure  5  indicates  the  relative  frequency  of  spinal  injuries  versus  the  vertical 
component  of  the  peak  impact  forces  (calculated  at  the  center  of  gravity).  Again,  this 
data  indicates  significant  numbers  of  back  injuries  occur  in  relatively  mild  vertical 
impacts.  This  data  supports  the  conclusion  that  other  factors  (such  as  seating 
posture)  have  significant  influences  on  spinal  injury  in  even  very  low  vertical  impacts 
(such  as  less  than  10  G's  peak).  This  is  important  because  most  spinal  injury  models 
consider  only  the  vertical  impact  component.  In  addition,  this  data  supports  the 
conclusion  that  after  landing  gear  collapse,  ground  impact  loads  are  transmitted 
directly  with  little  attenuation  to  the  occupants.  This  lack  of  energy  absorption  by 
the  airframe  and  seat  results  in  nearly  50%  of  all  occupants  receiving  spinal  injuries 
at  peak  crash  loads  of  15  G. 
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FIGURE  5  — RELATIVE  FREQUENCY  OF  SPINAL  INJURIES  VERSUS  VERTICAL  FORCE 
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Figure  6  depicts  the  frequency  of  occurrence  and  cost  associated  with  the  most 
prevalent  crash  injury  mechanisms  identified  for  the  aircraft  study.  All  accidents, 
regardless  of  survivability,  and  all  injuries,  regardless  of  severity,  are  included  in 
Figure  6.  A  breakdown  of  the  more  significant  injury  mechanisms  by  underlying  cause 
factor  is  discussed  below.  Figure  6  indicates  that  the  most  frequent  injury  mechanism 
was  determined  to  be  "bcdy  struck  structure"  while  the  mechanism  resulting  in  the 
largest  injury  cost  was  "body  received  excessive  decelerative  force."  After  these  two, 
the  mechanisms  of  "body  struck  by  external  object"  and  "body  exposed  to  fire”  produced 
the  next  largest  frequency  and  cost  of  injuries. 


Injury  Mrehanismj-ALL  Duly  Stations 


FIGURE  6  —  FR EQUENCY  AND  COST  CF  INJURY  MECHANISMS 


Cause  Factors  Producing  the  Mechanism  "Body  Received  Excess  Force” 


The  engineering  factors  which  caused  the  55  instances  of  the  mechanism  "body 
received  excessive  decelerative  force"  are  shown  in  Figure  7.  This  data  indicates  that 
a  large  majority  of  the  instances  and  the  associated  costs  of  these  injuries  were 
caused  by  the  airframe  and  seat  allowing  excessive  loading  of  the  occupant,  i.e., 
during  the  major  impact  the  aircraft  and  seat  transmitted  peak  forces  to  the  occupant 
which  were  beyond  human  tolerance.  The  energy  absorption  of  the  landing  gear, 
airframe,  and  seat  failed  to  protect  these  occupants. 


Can  Ftcfcn 


FIGURE  7--FR EQUENCY  AND  COST  OF  CAUSE  FACTORS  RESULTING  IN 
"BODY  RECEIVED  EXCESSIVE  DECELERATION  FORCE* 
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Identification  of  Crash  Hazards 

Using  a  technique  discussed  in  a  previous  report  (13),  the  combination  of  the  above 
injury  mechanisms  and  cause  factors,  frequency,  severity,  and  cost  was  analyzed  to 
identify  the  critical  crash  hazards  for  this  type  aircraft.  The  most  significant  or 
highest  ranking  crash  hazard  identified  was  the  hazard  "body  received  excessive 
decelerative  force  when  the  aircraft  and/or  seat  allowed  excessive  loading."  As  stated 
above,  the  energy  absorption  capability  of  the  landing  gear,  airframe,  and  seat  failed 
to  protect  the  occupants.  Because  any  change  to  the  strength  and  crushability  of  the 
airframe  and  landing  gear  would  require  a  major  modification  or  redesign,  it  would  not 
be  feasible  to  effect  a  change  to  these  systems.  Changes  would,  therefore,  concentrate 
on  the  seat.  Figure  8  depicts  the  resulting  deficiency  and  the  associated  20-year 
potential  cost  reduction. 


Crew  seats  transmit 

Intolerable  vertical  loads  to 
occupants  and  separate  from 
aircraft,  resulting  In  the 
spinal  Injury  experience  vs. 
vertical  Impact  severity 
depicted  In  figures  4  and  5. 

Develop  and  procure  replacement 
crew  seats  which  wtlt  attenuate 
vertical  loading  on  occupant  to 
tolerable  level.  The  seat  design  goal 
should  be  requirements  ol  MtL-S- 
58095.  Tradeoff  studies  are  required 
to  determine  the  degree  of  protection 
consistent  with  cost,  weight  and 
space  constraints. 

$8, 992k 
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ACTION 
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FIGURE  8— PRIORITY  CRASHWORTHINESS  NEED  (EXAMPLE) 


It  should  be  noted  that  a  modified  seat  cannot  be  easily  designed  to  absorb  sufficient 
energy  for  all  impact  levels  shown  in  Figure  7.  It  also  would  not  be  cost  effective 
because  the  seat  survivability  would  not  be  compatible  with  the  survivability  limits  of 
the  airframe.  It,  therefore,  becomes  necessary  to  optimize  the  seat  providing  the 
maximum  protection  consistent  with  cost,  weight,  space  constraints,  and  the  existing 
airframe  survivability  limits.  The  results  of  this  analysis  provided  sufficient 
rationale  for  the  initiation  and  substantiation  of  an  Army  program  to  develop  such  an 
optimized  seat  as  will  be  discussed  later. 

Returning  to  the  overall  types  of  crash  hazard  analyses,  the  second  level  of 
analysis  was  initiated  by  USAARL  and  is  a  more  specific  analysis  of  areas  of  concern 
identified  by  the  first  level  analysis.  A  goal  of  this  type  analysis  is  to  refine 
current  criteria  for  protective  hardware  for  specific  body  areas  and  provide  a 
beneficial  extension  of  the  Aviation  Life  Support  Equipment  Retrieval  Program.  A  study 
of  head,  face,  and  neck  injuries  in  all  recent  US  Army  aviation  mishaps  has  been 
completed  and,  as  mentioned  above,  contributed  to  the  identification  of  specific  impact 
hazards  and  recommendations  for  changes  in  helmet  design  criteria  ((4)  and  unpublished 
data).  Currently,  a  study  of  observation  helicopter  mishaps  is  in  progress  and  is 
focusing  on  specific  requirements  to  reduce  injuries  to  the  spine.  A  major  emphasis  of 
this  study  is  to  estimate  the  annual  dollar  cost  of  these  injuries  since  approval  of 
any  retrofit  program  to  improve  seating  in  this  helicopter  will  depend  on  an 
advantageous  cost-benefit  analysis. 


PROSPECTIVE  STUDIES 

In  an  attempt  to  further  improve  the  quality  of  injury  data  collected  from  mishaps, 
USAARL  has  initiated  a  program  to  study  selected  types  of  injuries  in  a  prospective 
manner.  This  program  is  being  developed  in  order  to  define  modes  of  injury  as 
precisely  as  possible  in  areas  where  it  is  believed  the  best  possiblities  for  LSE  and 
general  crashworthiness  improvements  lie.  Currently,  this  program  is  focusing  on 
injuries  to  the  head  and  the  spine.  This  is  based  on  the  fact  that  these  two  areas 
encompass  o”er  a  third  of  all  injuries  sustained  in  US  Army  aviation  mishaps  (6)  and 
because  of  emphasis  in  the  US  Army  on  production  of  a  new  integrated  flight  helmet  and 
the  introduction  of  energy-absorbing  seat  designs. 


! 


Through  systematic  coordination  with  USASC,  USAARL  is  informed  of  all  mishaps 
involving  injury,  usually  within  24  hours  of  the  mishap.  If  injuries  occur  in  one  of 
the  specific  areas  of  interest,  the  flight  surgeon  assigned  to  the  investigation  is 
contacted  and  requested  to  provide  detailed  medical  information  (admission  history  and 
physical,  photographs  of  injury,  specific  measurements  of  external  injury,  pertinent 
laboratory  data,  radiographs,  and  reports)  as  well  as  all  pertinent  LSE  for  analysis. 
Suggestions  may  also  be  made  for  obtaining  any  additional  onsite  data  required.  This 
field  data  is  then  analyzed  by  a  team  of  specialists  to  determine  the  mechanisms  of 
injury  as  accurately  as  possible.  An  assessment  is  also  made  as  to  practical  means  of 
preventing  the  injury.  In  this  manner,  crucial  medical  information  ca~  be  collected 
and  analyzed  during  the  first  few  days  after  a  mishap,  and  any  addition  1  information 
required  can  then  be  sought  while  it  is  still  available.  This  program  ;  arely  requires 
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that  USAARL  send  an  individual  to  the  scene  of  a  mishap,  but  that  capability  exists  and 
is  used  on  occasion  wnen  the  situation  warrants.  Medical  information  gained  from  these 
studies  is  provided  to  USASC  and  incorporated  into  the  injury  data  reporting  system 
previously  discussed.  Proposals  have  been  made  to  give  this  program  regulatory 
authority  by  revising  appropriate  regulations. 

Since  these  prospective  studies  are  just  beginning,  their  full  impact  is  yet  to  be 
determined.  However,  this  method  was  recently  used  during  the  investigation  of  a 
UH-60A  Black  Hawk  mishap  wherein  a  specialized  team  was  sent  to  the  mishap  site  to 
assist  in  the  injury  investigation.  As  a  result  of  this  investigation,  valuable 
information  on  the  functioning  of  the  energy-absorbing  seats  installed  in  this 
helicopter  was  collected  and  certain  actual  and  potential  failure  modes  were  identified. 
Continued  detailed  investigations  will  be  required  to  assemble  the  necessary  data  to 
optimize  these  energy  absorbing  seat  designs. 


REMEDIES  RESULTING  FROM  USE  OF  CRASH  DATA 


The  crash  injury  reporting  system  discussed  here  was  developed  with  the  objective 
of  not  only  identifying  hazards,  as  discussed  above,  but  also  providing  appropriate 
justification  of  needed  remedial  actions.  The  current  austere  funding  environment 
makes  the  conservation  of  US  Army  personnel  assets  more  important,  but  it  also  reduces 
the  resources  available  to  aid  in  this  conservation.  Any  program  to  improve  the  crash 
survivability  of  Army  aircraft  must  compete  for  funding  with  all  other  programs. 
Priorities  of  all  funded  programs  are  generally  established  based  on  their  impacts  in 
the  areas  of  cost  and  operational  effectiveness.  Thus,  the  crash  injury  reporting 
system  is  designed  to  provide  output  in  these  management  terms.  It  must  be  pointed  out 
here  that  analysis  or  discussion  of  the  need  tor  eliminating  or  minimizing  a  particular 
hazard  to  human  life  would  be  meaningless  based  solely  on  economics.  For  example,  the 
basic  need  for  aircraft  crashworthiness  cannot  be  analyzed  adequately  on  the  basis  of 
the  economics  of  crash  injury  alone. 

However,  assuming  that  a  decision  has  been  made  that  a  particular  hazard  is  to  be 
controlled,  then  the  next  stage  in  the  process  regards  the  selection  of  the  optimum 
method  and  hardware  for  actually  doing  the  job.  This  is  the  point  where  the  economics 
of  personnel  injury,  i.e.,  cost  effectiveness,  should  enter  the  decision  process.  This 
is  due  to  the  fact  that  the  maximum  overall  reduction  in  hazard  level  is  desired,  but 
the  resources  available  are  usually  limited  . 

The  concept  of  cost-effectiveness  can  be  readily  used  here  to  determine  the  optimum 
system  conf igurat ion ( s )  by  spotlighting  that  system  which  will  provide  the  greatest 
relative  benefits  per  dollar  of  expenditure.  The  emphasis  here  is  on  relative  benefits 
since  an  absolute,  complete  value  for  the  monetary  advantages  of  a  particular  change 
cannot  be  calculated  whenever  human  life  is  involved.  These  advantages  are  known  only 
relative  to  those  of  alternate  system  configurations.  Thus,  the  injury  reporting 
system  discussed  here  was  designed  to  provide  injury  cost  data  which  could  be  used  to 
either  substantiate  the  need  for  a  remedial  action  or  select  an  optimum  remedy  from  a 
set  of  available  alternatives. 
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VERTICAL  IMPACT  VELOCITIES 
FOR  Still  VIV  ABLE  HELICOPTER  CRASHES 


FIGURE  9— CUMULATIVE  FREQUENCY  OP  OCCURRENCE 
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The  identification  and  substantiation  of  the  hazard  regarding  excessive  vertical 
deceleration  force  transmitted  to  the  crewmembers  of  the  Army  helicopter  discussed 
above  is  instructive.  As  shown,  this  hazard  was  identified  as  the  most  critical 
crashworthiness  problem  in  that  aircraft.  Equally  important,  the  results  of  this 
analysis  provided  substantiating  data  for  the  justification  of  a  "fix"  in  the  form  of 
the  costs  of  the  resulting  injuries.  Based  partially  on  thin  information,  an  Army 
product  improvement  program  has  been  initiated  to  address  tl is  nircraf t/seat  deficiency. 
The  goal  of  this  program  is  to  enhance  the  survivability  of  this  aircraft  by 
incorporation  of  crashworthiness  and  vulnerability  reduction  design  features.  Included 
is  an  energy-absorbing  seat  which  provides  the  maximum  vertical  stroke  feasible  within 
the  constraints  of  the  aircraft  design.  This  seat  will  provide  prelection  for  a 
substantial  proportion  of  survivable  impact  conditions.  Figure  9  indicates  a 
distribution  of  vertical  velocity  changes  which  is  generally  accepted  to  describe 
survivable  impacts  (14). 

Superimposed  on  this  distribution  are  estimates  for  the  strength  of  the  aircraft 
landing  gear  versus  the  design  of  the  energy-absorbing  seat  (15).  These  estimates, 
taken  together  with  the  current  injury  experience  as  discussed  earlier,  indicate  that 
substantial  personnel  loss  and  cost  reductions  will  occur  when  the  seat  is  fielded.  It 
is  remarkable  that  this  modification  (involving  incorporation  of  an  energy-absorbing 
seat  and  some  modifications  to  aircraft  ballistic  armor)  will  result  in  little  or  no 
aircraft  weight  penalty.  This  is  certainly  a  tribute  to  the  aircraft  manufacturer’s 
and  Army  materiel  developer's  innovative  design  approach  but  also  to  the  advanced  state 
of  the  art  of  crashworthiness  technology. 


CONCLUSIONS 


The  current  austere  funding  environment  is  not  anticipated  to  improve  in  the 
foreseeable  future.  If  aircraft  crash  survivability  improvements  are  to  compete  with 
other  funding  requirements,  then  all  personnel  involved  in  the  investigation,  analysis 
or  research  of  crash  injuries  must  strive  to  achieve  an  enhanced  data  base  upon  which 
necessary  management  and  engineering  decisions  can  be  logically  based.  An  improved 
crash  injury  identification  and  reporting  system  developed  by  the  US  Army  as  described 
in  this  report  is  felt  to  be  a  key  element  of  this  requirement.  This  system  appears  to 
provide  the  following  benefits: 

a.  Identification  of  crash  hazards  in  terms  readily  understandable  by  the 
development  community. 

b.  Prioritization  of  hazard  corrective  measures. 

c.  Optimization  of  hazard  corrective  actions. 

d.  Justification  of  hazard  corrective  measures. 

e.  Adaptation  of  codes  to  future  data  requirements. 

f.  Identification  of  additional  research  problems  in  the  areas  of  crash  injury  and 
crashworthiness . 

The  overall  goal  of  any  crash  injury  analysis  is  to  attain  improved  crashworthiness 
designs  for  current  and  future  aircraft.  Based  upon  the  benefits  described  above,  the 
overall  impact  of  this  modified  system  of  crash  injury  identification  and  reporting 
will  be  to  provide  the  responsible  project  managers  with  the  data  required  to  adopt 
recommended  crashworthiness  improvements  in  new  and  existing  aircraft  and  life  support 
equipment  designs. 
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DEFINITIONS  AND  TERMINOLOGY 


Aircraft  Mishap  -  An  unplanned  event,  that  results  in  aircraft  damage,  personnel 
injuries,  or  makes  further  continued  flight  impossible  or  inadvisable.  Damage  as  a 
direct  result  of  hostile  fire  is  not  a  mishap  but  a  combat  loss. 


Crash  Force  -  The  maximum  value  of  an  assumed  triangular  crash  pulse,  determined 
at  the  aircraft  center  of  gravity,  which  occurs  during  the  major  impact. 

Crash  Hazard  -  A  condition  due  to  the  design  or  configuration  of  an  aircraft  or 
life  support  equipment  which  may  result  in  injuries  to  occupants  in  aircraft 
accidents . 

Crashworthiness  -  The  ability  of  a  vehicle  to  sustain  a  crash  impact  and  reduce 
occupant  injury  and  hardware  damage. 

Hazard  Frequency  -  The  frequency  of  occurrence  of  injuries  resulting  from  a 
particular  crash  hazard. 

Hazard  Severity  -  The  severity  of  the  worst  credible  injury  resulting  from  a 
particular  crash  hazard. 

Hazard  Cost  -  The  sum  of  the  costs  of  all  injuries  resulting  from  a  particular 
crash  hazard. 

Injury  Cause  Factor  -  The  design  deficiency  which  caused  a  specific  injury 
mechanism  to  occur. 

Injury  Costs  -  The  economic  effect  on  the  operational  readiness  of  the  Army  due 
to  accidental  injuries  to  servicemembers  as  calculated  according  to  Reference  12). 

Injury  Mechanism  -  The  mechanical  process  through  which  a  specific  injury  was 
determined  to  have  occurred,  i.e.,  "what  happened." 

Major  Impact  -  That  impact  of  the  aircraft  which  results  in  the  largest 
decelerative  forces  being  transmitted  to  the  aircraft  and  occupants. 

Survivable  Accident  -  An  accident  in  which  the  following  statements  are  satisfied 
for  at  least  one  occupant  aboard  the  aircraft: 

a.  The  forcas  transmitted  to  the  octupant  through  his  seat  and  restraint  system 
do  not  exceed  the  limits  of  human  tolerarce  to  abrupt  accelerations. 

b.  The  fuselage  structural  contairei  maintains  a  livable  volume  around  the 
occupant. 
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Nonsurvivable  Accident  -  An  accident  in  which  neither  of  the  above  statements  is 
satisfied  for  all  occupants  aboard  the  aircraft. 

Partially  Survivable  Accident  -  An  accident  in  which  both  survivable  and 
nonsurvivable  occupant  positions  exist. 

Velocity  Change  -  The  change  in  velocity  of  the  aircraft  CG  during  the  major 
impact. 
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BACKFACE  SIGNATURE  FROM  BODY  ARMOR 


by 

R.  Fred  Rolsten,  Ph.D..  CMfgE.  and  David  J.  Karl,  Ph.D. 

Wright  State  University 
Main  P.O.  Box  1604,  Dayton,  Ohio  45401 

Summary 

Two  types  of  body  armor  of  light  weight  have  been  developed  that  will  prevent  perforation.  The  textile 
armor  will  defeat  the  bullet  fired  from  most  handguns.  The  hard  armor  will  defeat  the  calibre  .30AP.  A 
good  correlation  has  been  made  between  the  laboratory  testing  and  field  evaluati  results  as  they  relate 
to  the  rear  surface  signature  and  blunt  trauma  sustained  by  the  wearer.  There  is  concern  that  a  threat 
greater  than  calibre  .30AP  may  provide  a  prohibitive  level  of  impact  energy  and  subsequent  blunt  trauma 
injury.  The  experimental  and  clinical  techniques  established  for  the  flexible  body  armor  may  be  useful  as 
fiducial  points  in  further  development. 


Wear  Body  Armor ! 

It's  better  for  you  to  wipe  sweat  while  you  live, 
than  to  have  your  buddy  wipe  your  blood  as  you  die! 


I.  BACKGROUND 


Combat,  whether  in  the  street  or  on  the  battlefield,  has  been  a  bane  to  man  since  his  earliest  days 
and  has  always  been  characterized  by  the  presence  of  those  who  attempt  to  devise  more  effective  ways  to 
maim  and  destroy  the  enemy,  of  othtrs  who  strive  to  protect  their  comrades  from  the  implements  of  the  foe, 
and  of  still  others  on  both  sides  who  devote  their  efforts  to  the  improvement  in  techniques  for  the  care 
and  repair  of  the  unfortunates  who  are  the  casualties.  These  three  facets  of  war  are  interdependent  and 
one  group  cannot  achieve  a  maximum  level  of  success  without  the  advice  and  assistance  of  the  other  groups. 

In  the  development  of  personnel  armor  (head,  torso  and  extremity),  the  approach  is  similar  to  the  ap¬ 
proach  to  a  disease  entity.  Primarily,  *-he  Medical  Service  is  interested  in  the  treatment  and  recovery  of 
the  casualty  and  in  his  speedy  return  to  society  or  to  the  fighting  force.  It  is  interested  in,  and  vitally 
concerned  with,  any  methods  that  can  reduce  the  severity  of  the  wound  or  in  any  devices  which  tan  bring 
about  complete  defeat  of  a  potentially  wounding  agent. 

The  use  of  armor^1)  as  a  primary  defense  for  the  Individual  soldier  is  as  old  as  the  history  of  armed 
conflict.  The  body  and  limbs  were  natural  sequels  of  man's  development  of  sword  and  spear,  sling  and  bow. 
Armor  appeared  long  before  the  dawn  of  history;  it  had  attained  a  high  degree  of  specialization  when  the 
shield  and  buckler  and  other  armor  were  mentioned  in  the  Old  Testament.  Medieval  armor  In  Europe  developed 
into  an  excessively  heavy  armor  of  Iron  or  steel  plates  suitable  for  jousting  on  horseback,  but  poorly 
adapted  to  military  use.  The  closing  decades  of  the  15th  Century  witnessed  the  introduction  of  firearms 
into  warfare.  Armor  yielded  slowly  to  the  power  of  the  culverin,  falconet  and  wheel-lock  so  that  when  the 
Thirty  Year's  War  ended,  military  leaders  and  tacticians  had  concluded  that  armor  was  outmoded  in  warfare. 

It  was  known  that  the  Japanese  wore  armor  of  fairly  good  ballistic  quality  up  to  about  1870.  During  the 
Franco-Prussian  War,  several  types  of  armor  were  used  to  a  limited  degree.  Armor  appears  to  have  been  worn 
in  the  Boer  War.  Well-articulated  armors  of  World  War  I  defended  personnel  against  ball  ammunition  and  were 
designed  to  prevent  wounds  from  bullet  splash.  But,  despite  worldwide  interest  in  protection,  the  small- 
arms  armor-piercing  (AP)  bullet  proved  a  more  penetrating  toe  than  designers  of  body  armor  could  handle 
during  the  Spanish-American  War,  the  Russo-Japanese  War,  World  War  I  and  II,  and  even  the  Korean  conflict. 

Capitalizing  on  the  experience  of  the  17-lb  World  War  II  "flak"  vest  (combination  of  textile  and  man¬ 
ganese  Hadfield  steel),  the  favorable  results  in  Korea  with  the  8  1/2- lb  flexible  (Nylon  Army  M1952)  anti¬ 
fragment  vest,  the  U.S.  Army  used  body  armor  in  Vietnam  with  positive  results. 

Advances  during  the  early  1960s  in  both  metallurgy  and  in  synthetic  materials  development,  made  it 
possible  to  produce  armor-systems  which  were  ballist ically  effective  and  at  the  same  time  was  of  sufficient 
light-weight  to  be  worn  without  great  discomfort.  These  armor  materials  can  be  conveniently  divided  into 
two  general  categories: 

opaque:  there  are  4  categories:  metallic,  reinforced  plastic,  ceramic  and  textile.  Opaque 

armor  totally  rejects  the  bullet,  bouncing  it  off  and  dissipating  its  Impact  energy 
through  the  material  Itself  in  combination  with  the  backing  material. 

transparent:  armor  made  from  glass,  polycarbonate  or  acrylic  plastic  which  dissipates  the  impact 
energy  through  the  material. 

The  need  for  armor  piercing  armor  protection  became  especially  critical  in  1962,  when  U.S.  forces  in 
South  Vietnam  began  extensive  combat  use  of  helicopters.  In  fact,  many  of  the  first  American  casualties 
were  suffered  by  Army  personnel  who  wete  flying  reconnaissance  helicopters  as  noncombatant  advisors  and 
operated  in  the  environment  which  exposed  them  to  aimed  small  arms  and  machinegun  fire;  i.e.,  all  calibres 
up  to  14. 7mm  API . 

The  body  armor  of  the  1940s  and  1950s  provided  protection  against  fragmenting  munitions  and  did  not 
protect  against  small  arms  fire;  i.e.,  Cal.30AP.  However,  the  body  armor  of  the  1960s  was  of  two  types  and 
the  1960s  £lexible_armo£  comprised  of  ballistic  nylon,  although  lighter  in  weight  than  previous  armor  of 
similar  construction  was  more  effective^1)  against  fragments,  and  the  1960s  hard_^rmor  comprised  of  ceramic- 
fiberglass  was  effective  against(z)  the  Cal. MAP.  The  hard  ceramic  armor,  known  as  "chicken  plate"  con¬ 
sisted  of  aluminum  oxide  (AljOj)  plate  backed  by  a  ^lass-reinforced-jglastic  (GRP)  and  weighed  20-  to  28-lbs. 
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Thus,  the  armor  weight  of  20-  to  28- lbs  was  used  in  Worid  War  I  to  defeat  Cal. 30  ball  and  in  Vietnam  to 
defeat  Cal.30AP. 

The  dream  of  the  1901  writers  in  Les  Armures  a  L'Epreuve  was  attained;  i.e.,  " . making  through 

scientific  gain,  that  which  the  earlier  armorers  were  unable  to  produce  in  their  day,  a  corselet,  light  and 
truly  proof,  this  time,  to  the  test  of  an  armor  piercing  bullet"! 

II .  THE  V:0  LIMIT 

Body  armor  generally  has  been  developed  by/for  military  and  then  applied  to  civilian  use.  It  has  been 
heavy,  bulky,  conspicuous  and  often  not  worn  unless  an  immediate  danger  is  foreseen.  Military  armor  is  of 
two  types: 

-  soft  material  armor  (textile)  for  stopping  fragments  and  low  velocity  projectiles 

-  hard-faced  armor  (steel  or  ceramic)  for  stopping  high-velocity  missiles/bullets. 

Historically,  armor  has  been  used  to  stop  projectiles  in  two  ways: 

way  one:  the  armor  may  catch  and  eventually  stop  the  projectile  by  deformation  or  by 

comminution  of  a  portion  of  the  armor. 

way  two:  the  armor  may  deflect  or  reflect  the  projectile  away  from  its  intended  target  with 
little  or  no  energy  transferred  in  the  process. 

Ideally,  In  way  one,  the  total  kinetic  energy  of  the  projectile  is  permanently  absorbed  as  deformation, 
fracture,  and  heat  in  the  armor  and  projectile.  The  changes  in  projectile  momentum  and,  hence,  the  impulse 
given  the  armor  is  equal  to  the  projectile  mass  times  its  velocity  (mv) .  Soft  steel  plates  or  cotton  bales, 
for  example,  tend  to  "catch"  soft  projectiles  and  absorb  their  kinetic  energy  in  this  manner.  On  the  other 
hand,  an  ideal  reflecting  armor  absorbs  no  permanent  energy,  but  is  subjected  to  an  impulse  of  2mv  (i.e., 
the  projectile  momentum  would  be  completely  reversed).  Extremely  hard  and  rigid  armors  tend  to  operate  in 

this  fashion.  Several  highly  idealized  projectile  impact  situations  are  illustrated  in  Figure  1,  with  the 

energy  and  momentum  transfer  given  for  each.  It  is  the  deflection  shown  in  Figure  1-e  that  provides  the 
"rear  signature  dose". 

Composite  ceramic  armor  behaves  initially  as  a  reflector  and  then  as  a  catcher.  The  ceramic  material 
on  the  armor  face  tends  to  fragment  and  to  reflect  a  portion  of  the  projectile  kinetic  energy  trading  off 
energy  for  increased  momentum.  The  rear  face  of  the  composite  then  catches  the  residual  projectile  mass 
and  deforms  in  order  to  absorb  the  remaining  kinetic  energy.  It  is  the  deflection  shown  in  Figure  1-e  that 
provides  the  "rear  signature  dose". 

Even  though  two  armor  materials  may  appear  to  be  equal  in  terms  of  their  ballistic  limit  (Vjq) ,  this 
only  considers  a  single  threat  in  terms  of  a  single  condition  (i.e.,  a  specific  projectile  and  its  striking 
velocity).  In  reality,  the  projectile  may  arrive  at  much  higher  or  much  lower  velocities. 

At  higher  velocities  where  the  probability  of  penetration  Is  greater  than  50?,  the  two  armor  materials 
may  differ  in  their  ability  to  extract  energy  from  the  projectile.  The  net  result  Is  an  Increase  in  the 
residual  velocity  after  passing  through  the  armor,  and  this  can  be  the  determining  factor  In  creating  a 
serious  (incapacitating)  versus  a  lethal  wound. 

The  merits  of  various  armor  materials  should  be  defined,  not  In  terms  of  their  ballistic  limit,  but 
rather  in  terms  of  how  well  they  protect  people  and/or  equipment;  I.e.,  in  term3  of  their  casualty  reduc¬ 
tion  potential.  However,  we  must  recognize  that  different  discirlines  have  a  different  basis  for  modelling 
the  "casualty  criteria".  The  terminal  ballistic  engineer  bases  his  "casualty  criteria”,  not  upon  human 
response,  but  upon  the  response  of  the  armor  and  this  response  is  designated  Vjq-  The  V50  is  the  velocity 
st  which  50?  of  the  bullets  are  defeated  by  the  armor  and  50?  of  the  bullets  defeat  the  armor  by  penetrating 
it  completely  and  producing  a  casualty.  The  biomedical  engineer  bases  his  "casualty  criteria",  not  upon 
the  armor  defeat  of  the  bullet,  but  upon  the  ability  of  the  human  to  perform  his  function  after  the  armor- 
bullet  interaction.  This  latter  "casualty  criteria"  recognizes  that  armor  can  defeat  the  bullet  and  transmit 
a  shock  impulse*  to  the  human  body;  i.e.,  the  rear  surface  signature  of  the  body  armor  can  result  in  a 
blunt  trauma  injury  to  the  human.  The  effect  of  such  blunt  trauma  must  be  evaluated  with  the  mission  since 
the  same  blunt  trauma  injury  to  various  cadre  (infantry,  tsnker,  parachutist  ,  pilot,  etc.)  may  have  dif¬ 
ferent  effects  upon  the  mission.  The  infantryman  may  survive  an  injury  that  would  be  fatal  to  a  pilot 
since  the  pilot  may  be  incapacitated  to  the  extent  whereby  he  could  not  fly  his  aircraft. 

III.  THE  PROBLEM 

Assaults  against  the  lives  of  public  officials  and  military  officers  have  marred  the  period  starting 
from  the  1960s.  This  includes  the  successful/unsuccessful  assassination  attempts  on: 


Heads  of  State  Church 


Trujillo  (Dominican  Republic) 

Ford  (USA) 

Pope  John  Paul  II 

(Vatican, 

Italy) 

Diem  (Vietnam) 

Somoza  (Nicaragua) 

Civil  Rights 

Leaders 

Kennedy  (USA) 

Reagan  (USA) 

King  (USA) 

Jordan 

(USA) 

Shah  (Iran) 

Sadat  (Egypt) 

Military  Officers 

Presidential  Candidates 

Haig  (USA) 

Dozier 

(USA) 

Kennedy  (USA) 

Wallace  (USA) 

Kroesen  (USA) 

Ray  (USA) 

£  Fdt-mv.-mvj  The  total  linear  impulse  on  "m"  equala  the  corresponding  change  in  linear 
t^  momentum  of  "m”. 


In  Korea,  there  was  a  decrease  in  both  the  number  of  battlefield  wounded  in  action  (WIA) ,  and  killed 
in  action  (KIA) .  There  was  a  decrease  in  the  severity  of  wour.ds,  which  in  turn  resulted  in  more  rapid  and 
early  convalesence  and,  because  of  the  lightened  workload,  permitted  surgical  units  to  provide  better  care 
to  those  requiring  it.  While  these  Korean  results  and  those  in  Vietnam  are  gratifying,  they  most  definitely 
indicate  the  continuing  need  for  research  and  development  to  provide  lighter  weight  armor  to  those  regions 
of  the  body  which  receive  the  largest  number  of  lethal  wounds-  Body  armor,  is  now  recognized  for  its  life¬ 
saving  potential  and  the  advantages  outweigh  factors  such  as  weight  and  discomfort.  The  combat  troops  re¬ 
turning  from  a  "fire-fight"  soon  learned  that  "the  no-weight  and  no-bulk  armor  did  not  exist"  and  that  "it 
was  better  to  wipe  sweat  than  blood". 

The  preponderance  of  the  civil  threat  is  the  calibre  .22,  .32,  .38  Special  and  the  Soviet  military 
threat  to  NATO  Cadre  can  be  generalized  to  the  calibre  ,221(AK-74)* ,  .30(AK-47),  ,50(B-32)  and  .578(BS-41). 
Study  of  the  impact  energy  delivered  at  the  barrel  muzzle  reveals  that  the  civilian  sector  can  expect  a 
maximum  of  about  700  ft-lbs  of  energy  to  be  delivered  to  soft  (textile)  armor  while  in  Vietnam  the  military, 
with  ceramic  armor,  received  .30  cal  aimed  fire  that  delivered  3000-ft-lbs  of  energy**.  It  can  be  antici¬ 
pated  as  a  result  of  the  Vietnam  battle  field  successful  testing  of  ceramic  body  armor  against  the  .30  cal 
AP,  that  these  combat  results  will  provide  the  continued  impetus  to  Soviet  Bloc  countries  to  increase  the 
threat  from  7.62AP  to  12.7mm  API  and  to  14.5mm  API. 

The  energy  delivered  at  the  muzzle  by  7.62mm,  12.5mm  and  14.5mm  will  be  2979,  11,913  and  23 ,735-f t-lbs , 
respectively.  Thus,  in  elevating  the  threat  from  7.62mra  to  12.7mra,  the  ft-lbs  of  energy  delivered  at  the 
muzzle  will  be  increased  by  a  factor  of  four  (4)  and  threat  elevation  from  7.62mm  to  14.7mm  by  a  factor  of 
eight  (8).  Thus,  the  military  threat  may  be  hypothesized  at  three  levels: 

level  one  -  the  ceramic  armor  defeats  the  .30  cal  AP  projectile  when  2979-ft-lbs  of  energy  is 

delivered  and  momentum/energy  transfer  at  the  rear  surface  usually  manifests  itself 
in  blunt  trauma.  The  projectile  is  defeated***  but  the  180-grain  projectile  does 
not  have  a  momentum****  exchange  with  the  armor  of  sufficient  magnitude  to  cause 
the  armor  to  move  at  significant  velocity,  although  the  wearer  is  subjected  to  a 
substantial  dose  from  the  rear  surface. 

level  two  -  A  hard  armor  material  may  defeat  the  .50  cal  API  (12.7ram)  projectile  when  11, 913-f t-lbs 
of  energy  is  delivered  and  this  energy  level  with  the  736-grain  projectile  may  have 
a  momentum  exchange  with  the  armor  of  sufficient  magnitude  to  cause  the  armor  to  move 
at  a  sufficient  velocity  and  function  as  a  blunt  impacting  object. 

level  three  -  Case  1:  A  flexible  textile  armor  may  defeat  a  fragment  from  an  exploding  warhead 
launched  in  combat  or  by  a  terrorist  and  the  rear  surface  of  the  textile  will 
become  so  deformed  as  to  produce  a  trauma  to  the  wearer. 

Case  2:  A  flexible  textile  armor  may  defeat  a  round  from  a  handgun  and  the  rear  surface 
of  the  textile  will  become  so  deformed  as  to  produce  a  trauma  to  the  wearer. 

It  should  be  noted  that  in  the  previous  levels,  that  the  armor  defeated  the  round.  Thus ,  at  level  one, 
the  human  body  must  contend  with  the  dose  from  the  rear  surface  of  the  armor  and  this  dose  may  be  delivered 
by  the  deformation  of  a  small  area  of  the  GRP  backing  material.  However,  at  level  two,  the  human  body  may 
be  placed  in  a  position  whereby  it  will  contend  with  a  dose  delivered  by  both  the  deformation  of  a  small 
area  of  the  GRP  backing  material  and  the  impact  of  the  entire  armor  mass  slamming  into  the  body.  Level 
three  will  subject  the  human  body  to  a  dose  delivered  by  deformation  of  the  flexible  textile. 

Battlefield  testing  in  Vietnam  has  revealed  that  the  human  body  can  survive*****  the  blunt  trauma  dose 
delivered  at  the  rear  surface  of  0.30  cal  ceramic  body  armor  resulting  from  Impact  by  a  non-penetrating 
Cal.30AP  round.  However,  many  of  these  combat  veterans,  upon  returning  from  the  combat  zone,  were  immediately 
hospitalized  in  order  to  treat  the  contusions,  hematomas,  open  wounds,  etc.,  resulting  from  the  blunt  trauma 
due  to  the  gross  deformation  of  the  rear  surface  of  the  hard  body  armor. 

It  should  be  noted  that  we  have  virtually  no  battlefield  experience  with  the  calibre  .50,  but  from  the 
significant  increase  in  the  impact  energy  delivered  by  the  .50  cal  API  round,  one  can  predict  the  necessity 
for  altering  the  hody  armor  weight  and  design  concept  if  the  blunt  trauma  dose  is  to  be  reduced  to  a  level 
which  the  wearer  can  survive.  THIS  MUST  BE  EXPERIMENTALLY  ESTABLISHED! 

While  flexible  body  armor  can  provide  a  life-saving  function,  textile  armor  normally  allows  a  conical 
depression  to  form  while  ceramic-GRP  produces  a  near-hemispherical  depression  to  form  at  the  armor /human 
body  interface;  i.e.,  rear  surface  signature.  Such  a  rapidly  produced  depression  and  displacement  of  the 
human  body  can  cause  injury  in  the  form  cf  blunt  trauma  that  covers  the  range  from  minor  contusion  to  death. 
The  validity  of  this  statement  can  be  tested  by  examining  the  number  of  law  enforcement  officers  who,  while 
wearing  flexible  armor,  were  assualted  by  gunfire  and  the  vest  defeated  the  round,  but  the  officer  was 
hospitalized  because  of  blunt  trauma. 

With  both  soft  (textile)  and  hard  (ceramic)  body  armor,  it  has  been  recognized  from  field  experience 
that  a  rear  signature  dose  is  administered  to  the  body,  but  exactly  how  bad  this  secondary  effect  may  he, 
is  not  easy  to  determine  medically  but  at  best  it  would  appear  that  beneath  the  point  of  bullet  impact 
there  may  be  a  severe  bruise.  At  worse,  the  near  term  result  may  be  a  broken  rib  or  ruptured  internal 
organ  (heart,  liver,  kidney,  spleen).  There  is  no  doubt  that  there  exists  an  energy  limit  threshold  above 
which  the  human  body  will  always  sustain  an  immediate  blunt  trauma  injury  but  there  is  a  paucity  of  data 
concerning  the  long  term  effect. 

*  .221  Cal  -  5 . 45mra;  .30  Cal  -  7.62mm;  .50  Cal  -  12.5mm;  .578  Cal  -  14.5mm. 

**  The  wearer  of  the  body  armor  would  receive  a  jolt  of  about  1200-f t-lbs. 

***  Refer  to  references  3-7 

****  Refer  to  Figure  1. 

*****  Some  Vietnam  veterans  surviving  a  bullet  impact  on  their  body  armor  (chicken  plate)  are  displaying 
myocardial  infarction  10-  to  15-years  post  Impact. 
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IV.  TRAUMA:  CAUSES 


Blunt  trauma  literature  is,  to  a  large  part,  made  up  of  data  applicable  to  auto  crashes  and  blast, 
typically  with  total  body  and  total  organ  or  even  multiple  organ  involvement.  The  differences  in  mass, 
velocity,  and  perhaps  dose  and  dose  application  times  require  careful  evaluation  as  to  the  applicability  of 
these  data  to  projectile-induced  blunt  trauma  with  nontotal  body  involvement  or  even,  more  typically,  with 
only  discrete  areas  of  single  organs  involved. 

The  biophysical  response  to  trauma  problem  is  essentially  one  of  a  dose/response  nature  where  the  input 
"dose”  is  some  injury-producing  quantity  and  the  "response"  is  the  occurrence  of  an  adverse  effect  on  the 
human,  such  as  tissue  damage,  incapacitation,  or  lethality. 

Traumatic  injuries  to  the  heart  and  great  vessels  are  the  most  lethal  injuries  sustained  by  blunt  (or 
penetrating)  trauma.  Many  patients  die  at  the  scene  or  shortly  after  the  injury  and  other  patients  reach 
medical  facilities,  some  of  which  succumb  before  or  after  treatment  is  instituted. 


Many  types  of  blunt  trauma  to  the  chest  have 
include  blows  to  the  chest  by: 

the  fist 

-  a  club 

-  a  heavy  falling  object 

-  a  ball  travelling  at  high  speed 

-  a  fall  from  a  great  height 

-  kicks  by  a  horse 


been  incriminated  in  causing  cardiac  contusion.  These 

compression  of  the  chest  between 
two  moving  objects 

-  blast  injuries 
contact  sports 

-  "steering  wheel  injury"  (commonest  of 
all  in  the  United  States)  suffered  in 
automobile  accidents. 


It  is  necessary  to  visualize  a  brief,  but  very  violent  blow,  striking  the  whole  surface  of  the  body. 

Much  of  the  energy  of  the  shockwave  is  reflected,  but  part  of  it  is  transmitted  through  the  tissues  and 
strikes  the  internal  organs  one-by-one  during  the  succeeding  milliseconds  or  so.  The  tissues  vary  in  their 
susceptibility  to  this  injury.  The  homogeneous  or  more  solid  tissues  are  virtually  incompressible  and  simply 
vibrate  as  a  whole,  thus,  escaping  serious  injury. 


Compressibility  means  displacement  and  wherever  tissues  of  differing  densities  lie  side-by-side,  this 
displacement  may  cause  distortion  and  tearing  of  the  tissues.  Lesions  are  most  severe  at  Junctions  between 
tissues,  and  at  sitss,  where  loose,  poorly  supported  tissue  attached  to  dense  tissue  is  displaced  beyond  its 
elastic  limits. 


A  host  of  methodologies  have  been  described  to  produce  experimental  blunt  trauma  to  the  torso.  Some 
methods  have  centered  on  explaining  the  pathophysiology  of  blast  injury (8»9),  while  others  have  addressed 
themselves  to  injuries  produced  when  blunt  cbjects  strike  the  body.  Much  of  the  latter  work  has  been 
directed  it  characterizing  trauma  seen  in  vehicular  accidents,  such  as  the  steering  column  injury.  These 
techniques  include: 


striking  the  exposed  heart  in  vivo(10) 
striking  the  perfused  liverO1) 
striking  the  precardial  areaO2 » 1 3» 14) 


ramming  the  abdomen  of  a  stationary 
animal  with  a  blunt  object^1 ^ 
and  propelling  an  animal  into  a  blunt 
object  O5) 


Much  of  the  blunt  trauma  experience  in  the  clinical  literature  is  not  comparable  to  that  seen  behind 
a  pliable  textile  armor.  Series  presenting  blunt  trauma  injuries  to  the  heart^6*17),  aorta  O®),  lungs(^), 
liver(2® • 2 *) ,  intestines(22)  are  heavily  weighted  in  vehicular  trauma. 


However,  clinical  and  research  experience  in  the  so-called  conventional  blunt  trauma  should  not  be 
dismissed  when  considering  blunt  injury  relative  to  either  soft  (textile)  armor  or  hard  (ceramic)  body 
armor  especially  when  one  considers  the  foot-pounds  of  energy  delivered  by  some  of  the  potential  bullet 
threats. 


V.  REAR  SURFACE  SIGNATURE 


The  ability  of  various  structual  materials  to  resist  penetration  by  projectiles  such  as  small  arras 
bullets  has  been  extensively  studied^-7)  and  the  projectile  resistance  by  body  armor  is  well  characterized. 
However,  relatively  little  has  been  done  to  determine  whether  or  not  serious  wounds  can  result  from  the 
transfer  of  projectile  energy  through  armor  which  is  not  physically  penetrated  by  the  projectile.  It  is 
evident  that  a  sound  understanding  of  the  basic  physical  interaction  mechanisms,  particularly  with  respect 
to  the  energy  partitioning  between  transmitted  energy  to  the  body  and  absorbed  energy  in  bullet  penetration 
and  deformation,  is  yet  to  be  established.  The  greater  the  energy  dissipated  by  the  material,  the  less 
absorbed  by  the  body.  The  localized  momentum  transfer  also  comes  into  play  and  may  be  a  contributor  to 
b lunt  trauma . 

The  test  matrix  should  evaluate  dependent  variables  in  the  rear  surface  depression  factor  (deformation 
volume,  depth,  and  time)  against  independent  variables  of  ballistic  parameters  (velocity,  calibre,  energy, 
mass,  jacketing);  material  parameters  (denier,  plies);  and  test  configuration  (stand-off  distance,  gelatin 
backing) . 

Body  armor  should  have  the  following  capabilities: 

1.  Prevent  penetration  by  the  bullet  into  the  chest,  abdomen,  or  back. 

2.  Any  blunt  trauma  effects  should  have  a  mortality  risk  of  10X  or  less. 

3.  The  wearer  of  the  body  armor  should  be  able  to  walk  from  the  site  of  the  shooting  after  the  body 
armor  takes  a  bullet  hit. 


36-5 


Let  us  assume  that  body  armor  is  meant  to  cover  and  protect  the  thorax,  abdomen,  and  back.  Vulnerability 
then,  with  regard  to  body  armor,  should  perhaps  refer  to  that  area  of  the  body  that  will  require  surgery  or 
intensive  care  even  if  the  overlying  body  armor  prevents  penetration  of  the  particular  missile  fired.  The 
frontal  view  indicates  that  the  liver,  heart,  and  spleen  would  be  vulnerable. 

The  right  lateral  view  indicates  the  large  area  occupied  by  the  liver  and  the  small  area  occupied  by 
the  right  kidney.  Renal  contusions,  however,  are  usually  managed  conservatively  and  rarely  is  surgery 
necessary.  Since  a  patient  with  a  renal  contusion  would  have  hematuria,  he  would  be  hospitalized  and  followed 
closely  for  signs  of  blood  loss.  The  left  lateral  view  indicates  the  vulnerable  kidneys,  spleen  and  heart. 

The  percentage  of  vulnerable  area  will  vary  according  to  the  design  of  the  body  armor.  Based  on  earlier 
testing,  the  number  of  layers  of  flexible  Kevlar  necessary  to  convert  most  of  the  vulnerable  areas  into 
totally  invulnerable  areas  would  probably  be  too  heavy  to  incorporate  into  a  garment  that  would  be  comfortable 
enough  for  routine  use. 

Seven  plies  of  Kevlar  subjected  to  assault  by  a  .22  Cal,  40-grain  bullet  at  1015  ±  lb-ft/sec  prevented 
perforation,  but  produced  an  indentaticn  depth  of  2.76  ±  .50cm  and  an  indentation  volume  of  42.56  ±  15.83 
cm3.  The  time  from  bullet  contact  with  the  Kevlar  to  zero  velocity  was  0.0010  ±  0.00016-seconds. 

Seven  plies  of  Kevlar  subjected  to  assault  by  a  .38  Cal,  158-grain  bullet  at  827  ±  14-ft/sec  prevented 
perforation,  but  produced  an  indentation  depth  of  4.82  ±  0.33cm  and  an  indentation  volume  of  148.96  ±  25.25 
cm3.  The  time  from  bullet  contact  to  zero  velocity  was  0.0018  ±  0. 00019-seconds. 

Seven  plies  of  Kevlar  subjected  to  assault  by  a  .45  Cal,  234-grain  bullet  at  804  ft/sec  prevented 
perforation,  but  produced  an  indentation  depth  of  5.55cm  and  an  indentation  volume  of  234.1cm3.  The  time 
from  bullet  contact  to  zero  velocity  was  0.0017-seconds. 

The  test  matrix  consisted  of  ballistic  test-firings  that  were  divided  into  six  groups  and  each  group 
was  controlled  by  the  variation  of  one  parameter.  The  resulting  conical  depression  factor  (C.D.F.)  was 
determined . 


The  C.D.F.  combines  the  dimensions  of  the  armor  body  interface  signature  into  the  form 


C.D.F. 


r2h2 


where  the  value  "r"  is  the  radius  (cm)  of  the  depression  cone  and  "h"  is  the  height 
(cm)  of  the  cone  at  the  time  "t"  (msec)  when  the  velocity  of  the  axial  motion  has 
decayed  to  Y/.  of  the  impacting  velocity.  This  factor  was  plotted  as  the  ordinate 
in  each  test  group.  The  equation  is  purely  empirical. 


The  change  in  conical  depression  factor  for  the  .22  Cal,  .38  Cal,  and  9mm  as  a  function  of  Kevlar  plies 
is  shown  in  Figure  2. 


As  expected,  the  plot  of  cone  height  vs.  time  after  impact  were  logically  spaced  and  consistent.  On 
the  other  hand,  the  plot  of  base  diameter  vs.  time  provided  mixed  data  and  indicated  the  inaccuracy  of  the 
assumption  of  an  axisymmetric  depression  cone.  Aerospace  shot  recoveries  into  clay  back-up  for  depression 
measurements  revealed  a  distinct  rectangular-based  pyramid  shape  in  the  clay  depressions.  High-speed  framing 
camera  photographs  showed^23)  the  bullet  impacting  the  Kevlar  target  fnd  revealed  the  nonuniform  strain  that 
led  to  mixed  results  in  the  measured  values  of  the  base  diameter.  The  ballistic  threat  and  C.D.F.  were 
reduced,  as  expected,  by  decreasing  the  velocity  of  impact.  In  Figure  3  is  shown  the  possible  dependence 
of  the  C.D.F.  on  the  bullet  cross-section  area. 


VI.  TRAUMA:  INJURY 


A.  Heart 

The  heart  and  great  vessels,  as  other  organs,  are  subject  to  injury^24-26)  from  penetrating  and  blunt 
trauma.  The  heart  is  suspended  from  the  great  vessels  and  hangs  freely  into  the  pericardial  cavity  between 
the  anterior  chest  wall  (sternum)  and  the  dorsal  spine  (thoracic  vertebra  )  and  it  is  thereby  subject  to 
Injury  by  the  following  mechanisms  of  blunt  trauma: 

the  heart  may  be  injured  by  compression  between  the  sternum  and  vertebral  column  when  the  former 
Is  suddenly  dr lven  in  by  a  forceful  blow  as  in  the  "steering  wheel"  type  of  injury. 

sudden  acceleration/deceleration  of  the  chest  may  cause  the  heart  to  be  thrust  against  the  chest 
wall,  injuring  the  heart  muscle  or  tearing  the  pericardium  or  great  vessels. 

the  heart  may  be  subject  to  damaging  force  by  sudden  violent  increases  in  intrathoracic  pressure 
that  may  produce  valvular  tears,  subendocardial  hemorrhages,  or  actual  rupture  of  the  heart  wall. 

As  a  result  of  nonpenetrating  trauma,  a  variety  of  lesions  may  occur  in  the  heart  and  pericardium: 

-  myocardial  contusions  -  rupture  of  the  Interventricular  septum 

rupture  of  the  cardiac  wall  -  coronary  artery  injury 

tears  of  the  valves,  chordae  tendineal,  -  rupture  of  the  pericardium  and  formation 

or  papillary  muscles  of  a  left  ventricular  aneurysm. 

B .  Aorta  and  Great  Vessels 


The  thoracic  aorta  and  great  vessels  are  covered  to  a  small  extent  with  the  pericardium  and  to  a  greater 
extent  with  parietal  pleura.  The  aortic  arch  crosses  over  the  vertebral  column,  and  the  descending  aorta 
descends  along  the  column,  giving  off  the  intercostal  arteries  which  then  become  Imbedded  in  the  intercostal 
spaces.  As  a  result  of  their  anatomic  location,  the  thoracic  aorta  and  great  vessels  are  subject  to  injury 
by  a  variety  of  forces  created  from  blunt  trauma: 
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Sadden  acceleration  or  deceleration  of  the  chest  may  create  shearing  force  between  different 
parts  of  the  aorta,  between  the  heart  and  aorta,  and  between  the  aorta  and  great  vessels  — 

the  aorta  or  great  vessels  may  be  compressed  over  the  vertebral  column. 


These  forces  may  precipitate  rupture  of  the  aorta  or  rupture  or  avulsion  of  the  great  vessels  (innominate 
or  subclavian  vessels,  carotid  arteries,  superior  or  inferior  vena  cavas,  or  pulmonary  arteries). 

C.  Lungs 


Hemorrhages  to  the  lungs  are  mainly  located  in  the  apices  and  in  those  parts  of  the  lung  which  are 
compressed  and  contused  between  the  chest  wall  and  the  liver,  and  the  chest  wall  and  the  mediastinum.  The 
lungs  are  probably  compressed  between  the  rigid  spine,  the  inward  moving  thoracic  wall  and  the  diaphragm. 

In  the  lungs,  the  alveolar  septa  are  most  severely  affected  since  they  are  torn  and  the  alveolar  spaces 
joined  together .  The  lung  parenchyma  shears  away  from  the  tough  vascular  tree  and  the  alveolar  epithelium 
is  shredded.  The  epithelium  of  the  bronchioles  is  stripped  away  from  the  basement  membrane  so  that  the  fluid- 
air  barrier  is  breached,  and  blood  and  edema  fluid  escape  into  the  alveoli.  Air  is  forced  into  the  pulmonary 
veins  and  can  be  found  in  the  coronary  and  cerebral  arteries.  Alveolar-venous  fistulae  have  been  demonstrated 
microscopically.  The  lung  damage  varies  from  pinpoint  hemorrhages  in  survivors  to  massive  intrapulmonary 
in  those  who  die.  At  autopsy  the  plueral  surface  shows  alternate  light  and  dark  markings.  The  light  bands 
correspond  to  the  ribs  while  the  dark-hemorrhagic  bands  correspond  to  the  intercostal  spaces  where  the  lung 
was  not  protected  by  rib-bone. 

D.  Solid  Viscera 

The  solid  viscera,  most  commonly  the  liver  and  the  spleen,  may  be  damaged  by  violent  acceleration  and 
deceleration  forces. 

E.  Surrogate 

Based  upon  goat  studies  with  regard  to  blunt  and  penetrating  types  of  trauma,  the  following  assump¬ 
tions^7)  were  made: 

-  The  40-  to  50-kg  goat  Is  a  model  for  a  "typical"  70-kg  man  in  body  armor.  The  goat  is  a 
satisfactory  and  conservative  model  for  studies  which  include  the  thorax  and  the  abdomen  as  targets. 

-  The  damage  levels  of  various  organs  will  be  similar  in  goat  and  man,  if  the  area  of  impact  is 
equivalent  and  the  same  force  is  applied. 

-  The  goat  experiences  the  same  natural  coarse  of  disease  as  would  the  human  after  similar  injury. 

-  The  70-kg  human,  with  thicker  and  more  resistant  abdominal  and  chest  walls,  would  incur  no 
more  damage  than  would  the  goat  from  a  given  impact.  Because  of  the  increased  body  wall 
protection,  the  human  would  probably  incur  even  less  damage. 

a)  Lung 

A  comparison  in  respiratory  index  (RI)  and  size  of  lung  contusion(s)  was  made  with  67  unarmored  goats 
impacted  with  riot  control  missiles  and  goats  armored  (either  12-ply  ballistic  Nylon  or  7-ply  Kevlar)  and 
impacted  with  the  .38  calibre  bullet.  Those  goats  that  succumbed  had  an  RI  increase  of  0.51-  to  0.6  and 
the  average  size  of  the  lung  contusion  was  161cc.  The  Kevlar-protected  goats  had  an  average  RI  of  only 
0.08  and  an  average  of  5cc  of  lung  contusion,  the  largest  individual  contusion  measuring  45cc.  Based  on 
this  comparison,  it  is  unlikely^2')  that  the  amount  of  damage  sustained  by  the  Kevlar-protected  goats  would 
be  of  any  serious  consequence  whether  it  occurred  in  goat  or  man. 


If  one  assumes  that,  if  a  human  wearing  a  flexible  textile  (Kevlar)  vest  was  impacted  over  the  chest 
wall  and  was  treated  at  a  hospital  in  1-hour,  if  a  lung  contusion  does  not  increase  his  RI  above  4,  he  should 
have  a  96 . 5%  probability  of  survival^28) . 

b)  Liver 

The  seven  Kevlar  armored  goats^27)  subjected  to  central  impacts  over  the  liver  (targeted  on  the  11th 
intercostal  space  on  the  mid-right  side)  caused  contusions  averaging  50cc.  There  was  no  more  than  lOOcc 
blood  loss  in  any  case. 

This  injury  in  the  human  would  also  cause  intraper ltonea 1  bleeding  as  well  as  abdominal  pain,  tenderness, 
and  muscle  rigidity.  The  victim  would  probably  not  be  immediately  incapacitated,  and  presumably  the  patient 
would  be  admitted  to  the  hospital  within  1-hour  after  injury.  If  an  abdominal  paracentesis  were  indicated, 
and  it  was  positive  for  free  blood,  surgery  would  be  performed.  The  liver  wound  is  a  minor  one  and  can  be 
handled  with  a  surgical  mortality  (death  within  30  days  of  surgery)  under  50X(28).  This  should  be  compared 
to  a  central  liver  wound  incurred  without  the  jacket  that  would  incapacitate  immediately,  and  would  carry 
an  operative  mortality  as  high  as  60X. 


The  data(27)  infer  that  if  the  goat  stomach,  small  or  large  intestine,  under  an  area  of  impact  is 
markedly  dilated  with  air,  the  bullet  force  transmitted  through  the  textile  armor  could  cause  a  perforation. 
Under  anesthesia,  the  goat  consistently  develops  dilatation  of  the  rumen.  Perforation  of  this  vlscus  by  the 
.38  caliber  bullet  through  the  7-ply  Kevlar  occurred  50X  of  the  time  (four  out  of  eight  shots).  When  a 
portion  of  gut  that  was  not  dilated  was  Impacted  (eight  times),  perforation  did  not  occur.  Only  a  serosal 
contusion  was  registered  with  occasional  adnlmal  mucosal  contusion. 


*5 1 


36-7 


Any  perforation  with  surgical  Intervention  within  6-hours  after  injury 
rate  under  5%.  The  viscus  that  is  only  contused  would  require  no  operative 


should  have  a  surgical  mortality 
treatment  in  almost  all  cases. 


d)  Spleen 

Impactsf27)  over  the  goat  spleen  were  difficult  in  that  the  spleen  was  an  elusive  target.  In  addition 
to  being  a  relatively  small  organ,  its  orientation  and  location  in  the  goat  is  variable  enough  so  that  it 
is  hard  to  hit  centrally  with  consistency.  Three  attempts  were  made,  and  in  one  shot  there  was  no  damage 
to  the  spleen;  in  another  there  was  a  2-cm  contusion  at  the  inferior  border;  and  in  the  last  round  the 
spleen  was  missed . 


Since  the  spleen  Is  easily  damaged,  we  expect  that  a  direct  hit  over  the  spleen  in  the  human  would 
probably  cause  at  least  a  contusion  or  intracapsular  hematoma.  Both  of  these  lesions  would  eventually  re¬ 
quire  surgery,  and  the  surgical  mortality  should  be  under  5*(29). 


VII.  CONCLUSIONS 


1.  There  is  a  paucity  of  medical  data  pertaining  to  non-penetrating  impacts  on  body  armor. 

2.  The  dsta  which  are  available  do  not  consider  all  of  the  parameters  which  are  medically  important  in  the 

assessment  of  blunt  trauma  (e.g.,  dose  application  time  and  hody  armor/human  body  response).. 

3.  Separate  sources  of  data  for  similar  nonpenetrating  projectiles  are  almost  impossible  to  correlate  due 

to  differences  in  test  methods,  data  acquisition  techniques  and  data  recorded. 

4.  The  effectiveness  of  body  armor  must  be  assessed  upon  the  ability  of  the  armor  to  prevent  penetration 

as  well  as  to  significantly  minimize  serious  injury  and/or  death. 

5.  The  seven  ply  Kevlar  body  armor  provides  protection  from  the  .22  Cal.  bullet  at  1100  ft/sec  and  from  the 
.38  Cal.  bullet  at  800  ft/sec. 

6.  The  blunt  trauma  dose  administered  by  the  .45  Cal,  9-mm,  shotgun  or  higher  velocity  threats,  has  been 
the  subject  of  only  partial  testing,  if  tested  at  all. 

7.  Experience  in  Vietnam  showed  that  impact  from  the  calibre  .30  AP  bullet  on  ceramic  body  armor  can  cause 
serious,  but  survtvable  injury.  An  impact  load  of  5000  ft-lbs  subjects  the  wearer  to  a  1200  ft-lb  jolt. 

8.  The  calibre  .50  API  bullet  delivers  a  11,913  ft-lb  load  to  the  body  armor  and  this  large  impulsive  load 
may  require  a  carefully  conceived  armor  design  in  order  to  preclude  the  use  of  body  armor  that  will 
prevent  the  bullet  from  penetrating  the  human  body  but  will  provide  a  rear  signature  dose  of  such  mag¬ 
nitude  that  the  wesrer  cannot  survive. 

VIII.  RECOMMENDATIONS 

1.  All  shooting  events  involving  body  armor  should  be  carefully  documented  in  the  same  way  as  the  U.S. 

Army  Aeromedical  Research  Laboratory  helmet  accident  retrieval  program. 

2.  The  Medical  Department  should  prove  and  designate  the  animal  (e.g.  goat,  swine,  canine,  etc)  to  be  used 
as  the  human  surrogate. 

3.  The  Medical  Department  should  provide,  to  the  ballistic  engineer,  those  parameters  which  must  be  measured 
at  the  rear  surface  of  the  body  srmor  . 

4.  An  interval  trauma  model  should  be  developed  and  validated  so  that  each  point  within  the  human  body 
volume  csn  be  assigned  a  trauma  level  as  a  function  of  impact  location,  bullet  mass  and  velocity,  the 
impulse  spread  due  to  the  srmor,  and  the  time  of  dose  delivered. 

5.  The  internal  trauma  model  should  result  in  a  medical  assessment  which  can  be  expressed  in: 

hospitalization  cost/time  -  temporary  disability 

duty  time  cost  -  permanent  disability 

retraining  cost  -  death, 

insurance  cost 
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Fig.  I  Highly  idealized  projectile  impact  situations,  showing 
energy  and  momentum  change 
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rig. 2  Effect  of  Kevlar  29,  400  denier,  armor  ply  count  on  the 
conical  depression  factor  (C.D.F. )  (Groups  I.  IV,  and  V) 


lig.3  Effect  on  conical  depression  factor  (D  D  F)  of  lead  bullet  cross  section 
at  a  constant  kinetic  energy  (340  Jl  on  a  common  target.  See  Table  VIII.  Group  IV 
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DISCUSSION 

MR  CARNFLL  (USA) 

Is  body  armor  practical  against  the  anticipated  higher  USSR  threats? 

AUTHOR'S  RFPLY 

The  chicken  nlate  armor  used  in  Vietnam  was  adequate  against  the  AK-47  (,30  eal  AP).  However,  additional 
work  must  be  accomplished  in  order  to  provide  body  armor  protection  against  the  BS-42  (12.7  mm)  due  to  the  un¬ 
known  amount  of  rear  signature  energy  delivered  to  the  wearer. 

MR.  CARNFLL (USA) 

Will  it  be  neeessary  to  provide  armor  on  the  aireraft  or  helicopter  structure? 

AUTHOR'S  REPLY 

There  is  certainly  a  body  armor  weight  which  eannot  be  worn  by  the  individual  sinee  he  eannot  perform 
his  combat  duties.  In  sueh  a  ease  the  armor  must  be  carried  (supported)  by  the  aireraft. 

MR.  SC11ULMAN  (USA.) 

Is  there  any  difference  in  the  back  faee  signature  of  Fiberglass  baeking  as  compared  to  the  newer  Kevlar 
baeking  that  is  being  used  today? 

AUTHOR'S  REPLY 

Yes .  due  to  the  higher  ten^  le  strength  of  the  Kevlar  one  would  expeet  that  the  energy  absorbed  in  the  back¬ 
up  layer  would  be  greater. 
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COST  EFFECTIVENESS  OF  BODY  ARMOR 

Robert  H.  Holmes,  M.  D. 

Col.  (Ret'd)  U.S.  Army  Medical  Corps 
Senior  Medical  Advisor,  International  Clinical  Laboratories,  Inc. 

155  Spalding  Mill 
Atlanta,  Georgia 
30338 
U.S. A. 


Summary 

Body  armor  is  a  common  denominator  of  cost 
effectiveness.  It  is  the  only  means  ve  have  for 
further  reduction  in  battlefield  mortality  and 
morbidity.  Protective  devices  for  materiel  and 
personnel  must  be  continually  upgraded.  Using 
KOREA  and  VIETNAM  as  references  the  present  day 
helmet  and  body  armor  should  provide  significant 
reduction  in  killed  in  action  and  wounded  in 
action.  This  reduction  in  casualties  can  be 
translated  into  savings  of  billions  of  dollars. 

A  price  cannot  be  placed  on  human  life,  but 
costs  can  be  projected  for  lost  lives  and  disa¬ 
bilities  incurred.  The  aftermath  of  war-related 
expenditures  has  become  so  great  that  societal 
pressures  now  challenge  the  rationale  of  payment. 
Protective  armor  is  not  just  a  wise  investment, 
it  is  a  necessity. 


our  subject  is  serious.  We  share  a  sense  of  common  purpose,  and  our  cause,  we 
believe,  is  just.  We  are  uniquely  involved  in  a  game  that  is  not  for  fun,  but,  rather, 
a  never-ending  struggle  to  outwit  the  enemy,  whoever  he  may  be,  and,  collectively,  we 
contribute  our  part,  however  small,  to  the  continuing  drama  of  survival. 

Why  are  we  here?  Is  that  a  good  first  question?  Yes,  and  as  a  measure  of  your 
importance,  may  it  be  said  that  we  have  a  special  job  to  do,  and  unless  we  do  it,  it  is 
quite  likely  the  job  will  remain  undone)  and  if  it  is  undone,  then  we  shall  surely  lose 
some  sort  of  advantage  that  could  be  crucial  in  the  next  war  we  hope  will  never  come. 

Strategy  and  tactics  comprise  the  fundamental  concepts  by  which  wars  are  won  or  lost. 
Ultimately,  these  concepts  are  translated  into  action,  to  exercises  in  logistics,  and  to 
operational  goals  and  objectives.  It  is  then  (hat  casualties  occur,  people  are  wounded, 
maimed,  and  killed,  fighting  strength  is  reduced,  total  resources  are  called  upon,  and 
national  will  is  challenged.  If  war  be  an  extension  of  politics  and  diplomacy  that  have 
failed,  then,  surely,  all  the  subtleties  of  economics  as  an  art,  if  not  a  science,  must 
prevail.  The  total  resources  of  one  combatant  become  locked  in  mortal  combat  with  the 
total  resources  of  another.  Getting  there  "fustest  with  the  mostest”  is  not  enough.  What¬ 
ever  it  is,  wherever  it  is,  it  must  also  work  -  and  work  -  over  and  over  again. 

In  the  heat  of  battle  cost  is  given  little  thought.  It  is  only  when  supply  lines 
fail  that  the  countdown  to  certain  defeat  begins.  Cost  effectiveness  must  be  applied 
continuously,  before  the  fact,  in  the  preparation  for  war,  and,  after  the  fact,  in  the 
waging  of  war.  Bravery  and  military  skills  must  be  matched  by  determination  and  capabil¬ 
ity  to  do  the  most  with  the  least. 

Nuclear  war,  short  of  total  destruction,  will,  undoubtedly,  return  man  in  a  short 
interval  of  time  to  a  near-primitive  state  of  survival.  Any  other  war,  so-called  conven¬ 
tional  war,  could  continue  indefinitely,  draining  away  life's  blood  and  national  resources 
until  the  horror  of  attrition  becomes  too  great  and  one  or  the  other  combatant  falls  on 
his  knees,  starved  and  worn.  A  far-advanced  technology  based  on  astronomical  costs  must 
provide  reasonable  guarantee  of  victory,  short  and  swift,  or  we  must  go  back  to  a  less 
advanced  arsenal  of  weaponry  that  will  guarantee  our  staying  power,  our  ability  to  outlast 
the  enemy.  Equipment  must  be  available,  durable,  and  functional,  and  fighting  men  must 
have  maximal  protection,  compatible  with  accomplishment  of  mission.  Protective  armor  for 
men  and  materiel  is;  not  just  a  wise  investment)  it  is  a  necessity.  It  is  a  common  denomi¬ 
nator  of  cost  effectiveness. 


Historical  Review 

In  the  evolution  of  human  warfare,  primitive  man  was  fierce,  brucal,  gave  no  quarter, 
asked  for  no  quarter.  It  was  mostly  hand  to  hand  combat  -  one  died,  one  survived,  usually 
wounded,  perhaps  to  die  later.  There  is  ample  evidence  in  the  discovery  of  ancient  skeletal 
remains  showing  broken  bones  and  caved  in  skulls  that  blunt  instrumentation  had  been  util¬ 
ized  most  effectively.  The  linear  acceleration  of  a  stone  axe  impacting  on  an  unprotected 
calvarium  left  no  doubt  as  to  its  crushing  effect.  It  is  ironic  that  man,  the  only  animal 
with  the  ability  to  pronate  his  thumb,  and  to  grasp  and  hold  a  tool  or  a  violin,  could  also 
hold  a  weapon  for  destruction  of  his  fellow  man. 
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As  the  discipline  of  warfare  progressed  through  the  ages,  impact  injury  from  blunt  or 
pointed  instrumentation  delivered  in  hand  to  hand  combat  gave  way  to  the  explosive  thrust 
of  gunpowder,  and  bombardment  by  missiles  that  allowed  man  to  fight  man  at  a  great  distance. 
Shells  made  of  cast  iron  and  steel  burst  into  fragments  with  variable  mass  distribution 
designed  to  flood  an  area  and  kill  or  wound.  The  Russian  12Ctnm  shell,  so  effective  in 
Korea,  had  a  burst  velocity  of  about  3000  ft.  per  second  and  a  distribution  of  over  10,000 
fragments.  Much  of  the  combat  involved  the  shelling  of  mountain  positions  and  accounted 
for  the  major  percentage  of  casualties.  Since  then,  shells  have  been  developed  with  much 
higher  burst  velocities  and  fragments  of  much  smaller  mass.  These  are  highly  effective, 
but  must  be  much  closer  on  target  because  fragments  lose  velocity  in  inverse  proportion  to 
their  mass. 

The  ultimate,  thus  far,  in  the  development  of  bombardment  weaponry,  is,  of  course,  the 
atom  bomb  used  in  Hiroshima  and  Nagasaki,  the  H-bomb,  unused,  and  the  neutron  bomb,  contro¬ 
versial,  perhaps  stockpiled,  and  perhaps  available.  Impact  injury  has  now  become  more 
complicated.  Blast,  thermal,  flash,  and  radiation  energies  must  be  contended  with.  Crush¬ 
ing  overpressures,  implosion  added  to  explosion,  secondary  missiles  of  immense  variety  and 
magnitude,  all  a  composite  of  linear  acceleration  contribute  to  impact  injury  and  destruc¬ 
tion  of  all  that  comes  within  an  effective  range.  For  only  the  second  time  in  the  evolution 
of  warfare,  chemical  gas  being  the  first,  an  agent  with  a  profound  delayed  wounding  effect 
has  added  further  complexity  to  this  type  of  explosion,  namely  ionizing  radiation.  We  are, 
however,  still  dealing  with  impact  injury,  make  no  mistake;  the  missiles  we  call  ionized 
particles  of  matter  are  now  of  infinite  smallness,  actually  atomic  fragments  that  impact 
with  tremendous  velocities  and  scatter  their  kinetic  energy  throughout  the  body  if  total 
exposure  occurs.  Depending  on  exposure  area  and  dose,  death  may  occur  from  disease  years 
and  years  later. 

At  the  same  time  artillery  weapons  were  going  through  their  evolution  small  arms  devel¬ 
opment  began.  Pistols,  rifles,  machine  guns,  automatic  weapons  of  all  types  made  their 
appearance.  The  era  of  the  bow  and  arrow,  the  cross  bow,  and  the  catapult  was  over.  Impact 
injuries  due  to  linearly  accelerated  missiles,  ogive  in  design,  were  new,  different,  and 
frequently  lethal.  Another  ironyi  Dr.  Gatling,  a  physician,  applied  his  genius  to  devel¬ 
opment  of  the  machine  gun  and  contributed  his  part  to  the  opening  of  our  western  frontier, 
the  killing  of  the  buffalo  and  the  Indian,  and  the  fighting  of  modern  wars.  Such  is  the 
stuff  of  which  history  is  made. 

Impact  injuries  resulting  from  shell  fragments  of  random  configuration  and  mass  are 
most  often  multiple  and  penetrating  in  type,  meaning  they  have  a  wound  of  entrance  but  no 
wound  of  exit.  Bullets,  more  often,  produce  perforating  wounds,  meaning  a  wound  of  exit 
as  well  as  entrance  -  the  so-called  through  and  through  wound.  Shell  fragments  may  range 
from  a  mass  of  near  dust-like  particles  measured  in  grains  to  grams,  and  occasionally  to 
large  size  slabs  of  metal  which  impact  with  great  force  over  a  large  part  of  the  body  with 
mutilating  effect.  Freakish  events  of  all  types  occuri  one  incident  involved  an  entire 
unexploded  20mm  shell  penetrating  the  back  and  flank  of  a  soldier  in  Vietnam;  other  inci¬ 
dents  involving  bullets  of  all  types  find  the  missile  almost  circling  the  calvarium  or  rib 
cage  without  deep  penetration.  Another  incident  involved  a  soldier  killed  in  action  in 
Korea  without  an  easily  perceivable  wound.  Finally  a  wound  of  entrance  was  found  behind 
the  knee.  The  bullet  tract  was  dissected  along  the  backside  of  the  thigh,  then  into  the 
abdomen,  the  chest,  and  finally  into  the  left  ventricle  of  the  heart. 

Studies  of  war  casualties,  it  must  be  confessed,  have  not  been  performed  in  the  usual 
manner  of  true  science.  Most  often  the  studies  have  come  about  because  someone  in  authority 
eventually  got  around  to  thinking  that  something,  nothing  very  clear-cut,  should  be  done. 
This  is  quite  understandable,  even  though  not  quite  reasonable.  It  is  all  a  question  of 
priority.  We  tend  to  enter  into  warfare  emotionally  aroused  but  usually  in  varying  staqes 

of  unpreparedness,  or,  at  best,  somewhat  prepared  for  the  previous  war.  As  the  interval 

between  wars,  which  we  call  peace,  increases  and  technology  advances,  we  are  prone  to  be 
in  the  "midst  of  being  prepared".  We  are  in  such  a  phase  now.  Development  and  stockpiling 
of  equipment,  weapons,  supplies  of  all  types,  proceeds  in  an  ever-quickening  pace  along  with 
the  build  up  of  field  forces,  training,  and  the  sifting  out  of  personnel  for  leadership 
roles.  It  is  the  time  -  very  much  the  time,  when  a  higher  priority  should  be  given  to 
planning  a  program  and  assembling  the  characters  who  will  have  a  primary  concern  for  battle 

casualty  analysis,  and  a  perspective,  at  least  in  the  general  direction,  of  what  such 

studies  could  contribute  in  the  accumulation  of  knowledge  about  weapon  effects,  and  the 
mechanism,  prevention,  and  treatment  of  wounds  incurred  in  battle.  It  is  time  to  proceed 
in  a  well  established  manner  to  prepare  a  plan  setting  forth  goals  and  objectives  and 
methodology,  with  biometric  evaluation  concerning  the  study  to  be  done.  Only  in  this  way 
will  wt  obtain  the  data  we  want,  need,  and  must  have. 

Many  examples  in  support  of  the  above  proposal  can  be  giveni  the  adoption  of  body 
armor  for  field  forces  in  Korea  is  but  one.  The  concept  of  armor  for  the  foot  soldier  was 
buried  under  overwhelming  opinion  that  the  "soldiers  load",  emphasized  so  effectively  in 
book  form  was  simply  too  great.  Nothing  more  could  be  added.  Better,  we  should  take  away. 
Besides,  shell  fragments  had  too  great  a  velocity  and  mass  to  be  stopped  by  any  wearable 
material  we  had  available,  and  stopping  small  arms  fire  was  out  of  the  question.  Wrongl 
Simply  wrong!  Battle  casualty  analysis  on  large  numbers  of  KIA  and  WIA  showed  conclu¬ 
sively  that  over  75%  of  the  wounds  produced  by  shell  fragments  were  of  a  penetrating  type. 
This  meant  that  although  burst  velocity  of  the  fragments  was  in  the  order  of  3000  feet/ 
second,  impact  velocity,  irrespective  of  mass,  was  about  1000  feet/second  or  less  -  other¬ 
wise  the  wounds  would  have  been  of  a  perforating  type  -  a  through  and  through  wound.  We 
knew  this  from  research  in  the  laboratory.  This  fact  meant  that  we  did  have  a  material 
capable  of  stopping  these  fragments.  The  prime  questions  were  still  present,  of  coursei 
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Would  the  soldier  wear  it?  Could  he  wear  it  and  still  perform  his  duty?  A  series  of  field 
trials  in  combat  showed  that  the  soldier  not  only  would  wear  the  armor  but,  on  occasion, 
even  demanded  it.  He  could  perform  his  duty  and  with  a  greater  sense  of  security.  He 
hardly  noted  the  additional  weight  or  heat.  He  frequently  stated,  "I  would  rather  sweat 
than  bleed".  The  most  conservative  estimate  of  the  effectiveness  of  present  day  body  armor 
for  the  soldier  indicates  a  reduction  of  at  least  75%  in  thoracic  and  abdominal  wounds. 

It  is  now  proposed  as  a  standard  item  of  equipment. 

A  battle  casualty  analysis  performed  in  Europe  on  air  crew  personnel  in  WWI1  showed 
that  86%  of  the  casualties  were  produced  by  flak.  Only  5%  of  the  casualties  were  produced 
by  fighter  aircraft  missiles.  The  incidence  of  flak  wounds  of  the  thorax  and  abdomen  was 
reduced  38%  by  wearing  the  flak  vest.  All  of  this  field  work  was  planned  expeditiously. 
Armor  was  a  spin-off.  No  question  remains  as  to  the  overall  effectiveness  of  the  armor. 
Although  it  is  quite  true  that  each  war  has  its  own  peculiarities,  ics  own  strategy  and 
tactics,  it  would  still  behoove  us  well  to  know  the  lessons  of  historical  experience,  or, 
as  it  has  been  wisely  said,  "we  shall  be  doomed  to  learn  them  all  over  again". 

Present  Perspective 

Modern  war,  really,  is  the  next  war,  because  for  many  reasons,  we  have,  up  until  now, 
tended  to  fight  new  wars  with  equipment,  personnel,  and  ideas  pertaining  to  the  last  war. 

As  the  interval  extends  between  wars  this  becomes  less  likely.  The  passage  of  time  removes 
combat-experienced  leaders  from  the  scene,  and  new  faces,  new  ambitions,  new  egos  take  over, 
as  well  they  should.  Quantum  leaps  in  technology  provide  new  "futuristic"  weapons.  Scien¬ 
tists  of  genius  probe  the  mysteries  of  nature  and  come  up  with  E=MC2.  Technologists  apply 
this  basic  knowledge  and  produce  A-bombs,  H-bombs,  and  neutron  bombs.  An  armed  stand-off 
results.  Weapons  less  capable  of  national  and  planetary  destruction  are  developed.  Instead 
of  complete  annihilation  of  the  enemy  in  a  series  of  flashes,  weapons  lower  in  order  of 
destructive  magnitude  are  developed  and  man  is  able  to  prolong  his  combat  with  man  through 
skillful  application  of  strategy,  tactics,  and  heroic  exploits  on  the  battlefield  which  is 
now  land,  sea,  air,  and  space. 

Unless  enormous  monies  are  spent  on  civilian  protective  devices  and  population  shelters 
on  a  national  scale  as  Russia  has  done,  an  assumption  must  be  made  that  the  hazards  of 
nuclear  war,  blast,  thermal,  and  radiation,  will  not  be  experienced  or,  if  experienced, 
little  can  be  done.  THIS  COULD  BE  THE  MOST  DANGEROUS  ASSUMPTION  THE  FREE  WORLD  HAS  EVER 
MADE,  AND  POSSIBLY,  THE  MOST  ENTICING  TO  OUR  PROBABLE  ENEMY.  It  makes  sense,  however,  to 
argue  that  if  the  threat  of  preemptive  nuclear  strike  is  greatly  reduced,  then  a  nuclear 
war  based  on  mutual  annihilation  will  begin  to  lose  its  logic.  This  is  happening,  appar¬ 
ently,  and  the  tactics  of  nuclear  war  now  appears  directed  toward  a  targeting  of  specific 
field  forces  with  a  much  greater  regard  toward  preservation  of  cities  and  mass  population. 

It  is  heartening,  one  would  think,  that  an  understanding  has  finally  come  about,  or  seems  to 
have  emerged,  that  conversion  of  the  earth  to  rubble  and  destruction  of  modern  civili;  ition 
is  hardly  a  sensible  goal  for  either  side.  It  is  an  instinctive  hope  for  survival  to  assume 
that  the  standoff  is  permanent. 

If  the  above  conjecture  be  true,  then  we  are  drawn  to  a  battleground  of  lesser  magni¬ 
tude,  and  lesser  destructive  capability,  but  one  that  is  more  personal,  based  more  on 
skillful  maneuver,  superiority  in  weaponry,  excellence  of  communication,  brilliance  of 
leadership  and  training,  determination,  and  heroism  of  combat  personnel. 

In  the  battlefield  environment  just  described,  impact  injury  from  linearly  accelerated 
missiles  of  all  types,  primary  and  secondary,  will  still  be  the  order  of  the  day.  Movement 
of  combat  personnel  quickly  from  place  to  place,  utilization  of  specialized  weaponry 
appropriate  to  the  task,  and  computerized  communications  will  convert  warfare  into  a  grim 
video  of  gamesmanship.  We  will  enter  into  an  era  of  even  greater  need  for  protective 
devices  for  combat  personnel  and  for  all  modes  of  transport. 

The  helicopter,  it  seems,  has  become  the  common  carrier  for  combat  personnel  and 
special  weaponry  bent  on  task  force  assignment.  There  is,  obviously,  a  direct  linear  rela¬ 
tionship  between  visibility,  exposure  time  and  area  of  vulnerability.  The  helicopter,  as  a 
matter  of  fact,  must  depend  greatly  upon  surprise,  evasion,  concealment,  and  speed  or  quick¬ 
ness.  These  are  the  intangibles  of  its  survival.  Protective  armor  for  crew  and  vehicle 
must  be  continually  upgraded. 

Ur.  the  ground  the  piesent  armored  personnel  carrier  is  to  be  replaced  by  the  Infantry 
Fighting  Vehicle  (IFV).  Besides  a  3-man  crew  to  fire  its  25mm  cannon  and  7.62mm  machir.egun, 
the  IFV  carries  six  infantrymen  in  its  rear  compartment  who  can  fire  from  ports  in  the 
vehicle’s  armored  sides.  Each  vehicle  costs  almost  one  million  dollars.  Every  effort  must 
be  made  to  provide  additional  personnel  protection  that  will  give  some  chance  of  survival, 
even  though  the  vehicle  is  disabled  or  destroyed. 

Although  the  current  trend  is  to  provide  a  means  for  combat  personnel  to  fly  or  ride 
with  emphasis  on  mobility,  the  moment  of  truth  must  eventually  arrive  as  stated  by  Secretary 
of  Defense  Casper  Weinberger,  "In  the  final  analysis,  it  all  is  going  to  come  down  to  the 
people  who  advance  and  take  and  hold  the  land  that  can  ultimately  determine  whether  or  not 
the  wars  are  won  or  the  wars  are  lost.  The  combat  infantryman  (in  the  United  States)  knows 
better  than  anyone  of  the  carnage  of  war.  It  is  he  who  carries  the  burden  in  times  of  war 
and  the  infantryman  has  never  let  us  down."  The  challenge,  of  course,  i3  for  us  not  to  let 
him  down.  Planning  must  be  realistic  and  creative.  PROTECTIVE  ARMOR  FOR  PERSONNEL  AND 
EQUIPMENT  IS  THE  ONLY  MEANS  WE  HAVE  THAT  WILL  FURTHER  REDUCE  BATTLEFIELD  MORTALITY  AND 
MORBIDITY. 
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Modern  warfare  carries  with  it  such  enormous  expense  that  a  nation  may  win  the  war  and 
then  lose  the  peace  through  bankruptcy.  Analysis  of  cost  effectiveness  pertinent  to  the 
many  variables  of  war  is  a  worthy  objective,  but  realistically,  one  must  concede  that  the 
effort  is  somewhat  fraught  with  futility.  A  nation  at  war  does  what  it  thinks  must  be  done 
at  the  time,  and  expense  is  only  of  great  concern  when  the  shooting  is  over.  None-the-less, 
consideration  of  cost  before  the  fact  is  highly  desirable  and  should  be  a  strong  guiding 
force  in  all  planning,  research,  and  development. 

Conventional  war  is  fought  with  men  using  modern  machines  and  weapons  subject  to 
their  command.  Nuclear  war  is  still  to  be  triggered  by  man.  To  conserve  the  fighting 
strength,  man  himself  must  be  conserved.  How  cost  effective  should  this  effort  be  to  save 
human  life?  What  is  it  worth?  A  well-trained  fighting  man,  a  skilled  specialist  in  warfare 
represents  a  tremendous  investment  in  money,  time,  and  talent.  It  takes  a  generation  to 
grow  such  a  man  -  and  only  an  explosive  second  to  kill,  maim,  or  disable  this  human  being  so 
essential  to  the  conduct  of  war.  What  is  he  worth?  Simply,  everything  we  hold  dear  -  our 
heritage,  our  culture,  our  future.  Without  him  we  lose  all. 

There  are  nations  with  allegedly  over-abundant  populations  who,  conceivably,  could 
trade  off  human  life  for  the  expenditure  or  enemy  ammunition  and,  thereby  gain  a  given 
objective.  Denial  of  war  supplies  is  a  strategy  ancient  as  war  itself.  It  is  unlikely, 
however,  that  this  philosophy  will  find  avid  support  among  military  leaders  of  our  time. 

It  is  more  likely  that  logistic  requirements  will  be  met  by  other  means,  no  matter  the  cost. 

The  cost  of  a  casualty  killed  in  action  is  the  cost  of  bringing  a  child  to  manhood,  the 
cost  of  his  education  and  training,  his  equipment,  the  cost  of  his  retrieval  from  the  battle 
field,  his  treatment,  recovery,  and  rehabilitation,  and  in  event  of  death,  the  delivery  of 
his  remains  to  home  and  loved  ones,  and  future  care  for  his  family.  In  event  of  disability 
he  is  pensioned  for  life,  o*  until  he  is  no  longer  disabled.  In  brief,  the  cost  of  an 
entire  military  and  veterans  medical  service  is  pro-rated  among  those  fighting  mer  and  now 
women,  who  may  be  killed  or  wounded  in  action.  There  is,  literally,  no  end  to  the  cost. 

One  generation  fights  and  dies  or  lives  with  its  wounds,  and  several  generations  then 
follow  to  pick  up  the  tab,  less  and  less  caring  because  the  dead  past  buries  its  dead,  we 
say,  but,  actually,  it  never  does. 

In  the  deliberation  of  cost  effectiveness  as  it  relates  to  protective  devices 
whether  worn  by  military  personnel  or  utilized  as  shielding  for  combat  materiel,  one  must 
be  acutely  aware  that  whatever  is  used  for  the  prevention  of  casualties  or  in  the  lessening 
of  wound  severity  could  result  in  monetary  savings  of  enormous  magnitude. 

It  is  axiomatic  that  one  cannot  remove  the  hazard  from  warfare  and  it  is  grimly  clear 
that  objectives  sometimes  must  be  taken  in  spite  of  the  expense  in  human  life.  Along  with 
the  need  for  protective  devices  which  is  so  obvious,  it  is  fully  appreciated  that  their 
usage  must  be  rationalized  with  the  need  for  accomplishment  of  the  mission,  one  of  the 
greatest  protective  measures  to  be  applieo  is  obviously  the  exercise  of  wisdom  by  military 
leaders  in  the  selection  of  only  those  combat  objectives  that  are  absolutely  essential 
to  winning  the  war.  Simply  straightening  out  battle  lines  and  adjusting  boundries  is  not 
enough. 

The  charge  for  a  single  day  of  hospitalization  in  the  U.S.  now  averages  about  300 
dollars.  If  intensive  care  is  needed  the  charge  may  exceed  1,000  dollars.  A  coronary  by¬ 
pass  may  cost  $25,000.  If  one  compares  such  figures  to  the  care  of  battle  casualties  in  a 
foreign  land,  requiring  shipment  of  all  equipment  and  medical  personnel  the  cost  becomes 
staggering.  Casualties  killed  in  action  are  actually  less  costly  than  those  wounded  in 
action,  or  those  dying  of  wounds  after  entering  a  hospital.  In  either  event,  prevention 
of  the  wound  or  lessening  of  its  severity  by  any  protective  device  is  highly  cost  effective. 

In  Korea  the  body  armor  vest,  used  only  in  the  latter  half  of  the  conflict,  probably 
reduced  the  killed  in  action  (KIA)  by  10  percent.  Accurate  figures  are  difficult  to 
obtain.  Because  of  multiple  wounds  to  more  than  one  body  region,  a  lethal  wound  to  a  vital 
area  might  be  prevented  and  a  casualty  (WIA)  still  result  from  a  wound  in  a  less  vital  area. 
Also,  a  wound  to  a  vital  area  might  be  reduced  in  severity  by  body  armor  so  that  a  casualty 
ordinarily  KiA  would  be  converted  to  a  casualty  WIA.  Such  circumstances  also  prevailed  in 
Vietnam,  although  the  battlefield  threat  of  small  arms  fire  was  appreciably  increased. 

In  World  War  II  there  were  almost  300,000  KIA  and  over  a  million  wounded.  In  Korea 
there  were  55,000  KIA  and  103,000  WIA.  In  Vietnam,  47,240  KIA  and  303,700  WIA.  If  one 
assumes  that  vehicle  shielding  and  body  armor  together  will  reduce  the  casualty  incidence 
even  10  percent,  then  one  car.  perceive  that  the  dollar  savings  in  medical  care  will  be  in 
the  billions,  spread  over  a  lifetime. 

There  is  no  doubt  that  a  shift  in  battlefield  threat  to  high  velocity  small  arms,  a 
change  in  bullet  design,  and  a  change  in  tactics  will  challenge  anew  the  effectiveness  of 
body  armor.  This  challenge,  fortunately,  has  been  anticipated  and  successfully  met.  The 
new  Kevlar  helmet  and  body  armor  vest  will  provide  much  more  protection  than  before  -  and 
both  items  will  cost  less  than  the  treatment  of  a  severe  battle  casualty  for  one  single  day. 
It  is  undeniable  that  all  transport  vehicles  could  be  made  more  protective  for  combat 
personnel.  Not  to  do  so  is  a  flagrant  example  of  "penny  wise  and  pound  foolish".  A  most 
significant  reward,  additional  to  the  dollar  savings,  will  be  found  in  the  greater  sense  of 
security  experienced  by  combat  personnel.  This  will  be  manifest  in  increased  confidence, 
improved  morale,  and  better  performance. 


37-5 


Epilogue 

If  one  eliminates  nuclear  war  from  our  consideration  -  and  it  is  pragmatic  to  do  so, 
because  the  western  world,  for  reasons  of  its  own,  has  not  kept  pace  in  providing  realistic 
protection  from  its  effects  -  then  the  battlef.  aid  of  tomorrow  will  have  much  in  common 
with  the  recent  past  in  terms  of  wounding  agents.  Delivery  systems  will  have  changed,  but 
-hell  fragments,  bullets,  and  blast  will  still  prevail.  The  biodynamics  of  linear  acceler¬ 
ated  missiles  and  of  blast  phenomena  will  be  essentially  the  same,  but,  perhaps,  compounded 
by  increased  velocities  and  density,  and  better  targeting. 

It  is  probable  that  the  helicopter  has  become  the  most  valuable,  most  versatile,  and 
perhaps  most  vulnerable  of  all  combat  modes  of  transport.  The  tank  and  infantry  fighting 
vehicle  share  in  this  vulnerability.  Although  experience  is  not  yet  available  to  us,  logic 
would  surely  indicate  that  inflammable  clothing  and  body  armor  would  provide  considerable 
protection.  In  terms  of  cost  effectiveness,  the  enormous  expense  of  weaponry  and  combat 
transport  can  probably  be  borne  by  the  western  allies  better  than  a  trade-off  of  human  life. 
It  must  be  repeated  again  and  again,  protective  armor  for  personnel  and  equipment  is  the 
only  means  we  have  that  will  further  reduce  battlefield  mortality  and  morbidity. 

Combat  personnel  must  have  light-weight  armor  to  protect  the  body  regions  most  prone 
to  lethal  wounds.  This  obviously  involves  the  head,  neck,  thorax  and  abdomen.  It  was 
shown  in  Korea  and  Vietnam  that  shell  fragments  from  mortar,  grenade,  artillery,  and  land 
mine  comprised  a  major  percentage  of  all  wounding  agents.  An  estimate  of  the  effectiveness 
of  the  armored  vest  indicated  that  it  probably  would  have  prevented  the  wound  to  thorax  and 
abdomen  in  about  75%  of  the  WIA;  might  possibly  have  prevented  the  wound  in  5%;  been  of 
questionable  value  in  10%  and  would  have  had  no  effect  in  10%.  There  is  good  reason  to 
believe  that  the  new  helmet  and  improved  body  armor  vest  will  provide  even  greater  protec¬ 
tion. 


A  recent  review  of  soft  body  armor  used  by  U.S.  Police  Officers  has  shown  significant 
effectiveness  and  cost  benefits.  Over  a  five  year  period  (1974-1978)  one  could  assume  288 
torso  fatalities  at  a  rate  of  $200,000  indemnity  savings  per  fatality  prevented,  and  1,020 
torso  in  juries  at  $13,000  savings  per  injury  prevented,  leading  to  a  grand  total  of 
$58,860,000.  Total  expenditure  of  $29,300,000  for  body  armor  leaves  a  net  savings  of 
$29,560,000  over  a  period  of  just  five  years.  The  improved  confidence  and  performance  of 
the  police  officer  is  an  added  value. 

To  date,  body  armor  has  saved  approximately  400  law  enforcement  personnel  from  death 
or  serious  injury.  Under  the  Public  Safety  Officers  Benefit  Act  of  1976,  $50,000  is 
granted  to  families  of  personnel  who  are  killed  on  duty  so  that  any  reduction  in  the  number 
of  lives  lost  represents  substantial  monetary  savings.  In  this  instance,  $20  million. 
Indemnity  costs  are  now  approximately  $200,000  and  injury  costs  $13,000  per  officer  killed 
or  wounded.  This  does  not  include  lost  time  and  disability  costs.  The  actual  cost  of  the 
body  armor,  in  light  of  these  figures,  obviously  becomes  relatively  unimportant. 

Let  us  now  assume  a  casualty  killed  in  action  to  have  a  monetary  value  of  $250,000. 
This  is  a  highly  arbitrary  and  low  figurej  life  really  cannot  be  given  a  price.  Now  let  us 
use  the  rounded  number  of  100,000  KI A  in  Korea  and  Vietnam,  and  assume  that  present  day 
body  armor  would  have  saved  at  least  10  percent,  or  10,000.  The  total  savings  become 
2  billion  dollars. 

Again,  let  us  assume  a  casualty  wounded  in  action  to  have  a  lifetime  medical  care  and 
disability  value  of  $500,000.  This  is  surely  low  and  arbitrary.  Assume,  now,  a  rounded 
figure  of  400,000  WIA  in  Korea  and  Vietnam,  and  that  present  day  body  armor  would  have 
prevented  at  least  10  percent,  or  40,000.  The  total  savings  become  20  billion  dollars. 

The  projected  savings  of  22  billion  dollars  through  the  use  of  body  armor  in  just  two 
of  our  recent  wars  sounds  impressive  but  is  actually  a  very  low  estimate.  Overall  veterans 
benefits  now  run  about  15  billion  dollars  per  annum.  In  truth,  the  after-math  of  war 
related  expenditures  is  so  great  that  societal  pressures  now  challenge  our  methods  of 
meeting  the  costs.  Still,  there  is  no  substitute  for  victory,  and  no  alternative  for  the 
freedom  of  mankind.  Survival  is  a  basic  instinct,  but  way  of  life  gives  meaning  to  that 
survival. 


DR.  VON  GIERKE  (USA) 


DISCUSSION 


Arc  there  any  operational  objections  to  body  armor  or  are  objections  based  on  costs?  To  what  extent  does  the 
armor  compromise  the  soldiers'  fighting  capability,  heat  tolerance,  and  overall  performance? 

AUTHOR'S  REPLY 

The  fighting  man  must  be  able  to  perform  his  mission  at  all  times.  Body  armor  design  is  influenced  by  these 
requirements  ;  therefore,  no  operational  objections  arise.  The  heat  load  will  be  accepted  in  view  of  the  protection 
The  cost  of  the  body  armor  is  acceptable  but  reduced  cost  could  be  achieved  by  standardization.  The  overall 
performance  of  the  soldier  is,  under  certain  circumstances,  actually  improved. 

DR.  VON  GIERKE  (USA) 

Is  there  any  body  armor  providing  protection  to  the  neck  area?  It  appears  to  be  an  important  area. 

AUTHOR'S  REPLY 

It  is  possible  that  neck  armor  can  be  provided,  perhaps  as  a  detachable  device  to  chest  armor.  Certainly,  for 
some  special  missions,  an  armor  providing  greater  neck  coverage  is  feasible. 
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TRAUMATISMES  PAR  IMPACT  EN  SERVICE  AERTEN  ET  APTITUDE  AU  VOL 
A  LA  FORCE  AE.;1 3\NE  BEI  GE 
ear 

M.edecin  Lieutenant-Colonel  FLION  A. 

Conseiller  Medical  du  Service  d’Enquetes  d ’Accidents  Aeriens 
Force  Aerienne  Beige 
Quartier  Albert  I 
3  1130  BRUXELLES 
BELGIQUE 


INTRODUCTION 


Dans  le  cadre  des  traurrvtvsmes  p-ir  impact  en  Service  Aerien  a  la  Force  Aerienne  Beige,  il  nous  a  paru 
int^ressant  de  recenser  les  dii'ferents  accidents  d* impact  survenus  a  des  pilotes  de  Chasse  ou  d’Ecolage  du- 
rant  une  periode  de  10  unn^es  (196B  a  1977  inclus),  de  les  analyser  suivant  le  type  d’impact  (accidents 
a ’atterrissage-dAcollage/Mid-Air  Collision/Birdstrike/Ejections) ,  d’examiner,  dans  ces  differentes  catego¬ 
ries,  1 'incidence  du  type  d’appareil,  la  gravity  des  blessures  encourues  par  les  pilotes  (legeres,  moyen- 
nos,  graves),  les  rapports  entre  ces  blessures  et  les  circonstances  de  1 ‘accident,  la  cause  meme  des  lesions, 
et,  enfin,  d’etudier  les  effets  de  ces  accidents  d'impact  sur  l'aptitude  au  vol  des  pilotes  concernes 
(inaptitude  temporaire  totale,  limitations  d'aptitude  et  aptitude  finale). 

Dans  nos  conclusions,  nous  examinerons  le  "^evenir  du  Pilot e”  dans  1* ensemble  des  categories  d'impact 
t ran mat  is ants  envisagees. 

L'objet  de  notre  expose  se  subdivisera  en  deux  parties  a  savoir,  un  aspect  statistique  relatant  les  causes 
et  effets  des  traumatismes  d’impact  sur  les  pilotes  et  un  aspect  analytique  du  "Uevenir  des  Pilotes"  con¬ 
cernes. 

I.  Premiere  I'artie  :  Asp-  ct  Statistique. 

1 .  Nombre  total  d* accidents  par  impact  ayant  entrain^  des  blessures  chez  des  pilotes  de  Chasse  ou  d'Eco- 
lage  entre  1  60  et  1977  a  la  Force  Aerienne  Beige. 

a.  Accidents  survenus  lors  de  :  "Atterrissage-Decollage"* 

-  12  accidents  impliquant  15  pilotes  ou  passagers. 

b.  Mid-Air  Collision. 

-  4  accidents  impliquant  1C  pilotes  ou  passagers. 

c.  Cirdstrike. 


-  2  accidents  impliquant  2  pilotes  ou  passagers. 

d.  Ejections  on  vol. 

-  1'  accidents  i-  pli^uant  13  pilotes  ou  passagers. 

Noun  scrons  done  amends,  •*.  consid'rer  31  accidents  fsisant  intervenir  u2  pilotes  ou  pas.agers  (y  in¬ 
clus  des  occupant:'  de  plnneurs  civils). 

2.  Evaluation  statistique  de  ces  4  categories  d'impact. 

a.  Accidents  d' Atterrissnge-Decollape 


( 1 )  Tyt e  d'app&reil  concern^. 


Type  d' avion  en  cause 

Nbre  accidents 

I.bre  pilotes 

gcolage 

HA  .VC:  CTTI  iF  260  H 

1 

1 

SV4  BIS 

1 

PPUGA  W.GIGTER 

i 

6 

G  li  i  0 

RF  S4  F 

2 

2 

F  10A  G 

i 

MIRAGE  5  3 

2 

2 

FUTAL  : 

_ 

12 

V; 

(2)  Gravite  de  l’accident. 


Ces  12  accidents  se  subdi visaient  en  dr-ux  categories  : 

-  Categorie  5  (avion  detruit)  =  9  accidents. 

-  C  tegorie  4  (avion  -rav  rent  endommage)  =  3  accidents. 
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(3)  Gravitp  des  bles.sures  des  pilotes. 


LESIONS 

2C0LAGE 

CHASSE 

Nbre  Pilotes 

FOUGA 

KARCHETTI 

SV4  BIS 

F  104  G 

M  5  B 

RF  84  F 

INDEMNE 

1 

1 

. . . . 

_ 

_ 

L2GER 

4 

3 

- 

- 

- 

1 

I'.OYEN 

3 

- 

1 

- 

1 

_ 

1 

GRAVE 

7 

2 

- 

1 

2 

2 

- 

6 

1 

1 

3 

2 

£ 

TOTAL  : 

15 

8 

7 

I 


i 


\ 


f 


Dans  ces  12  accidents  impliquant  15  pilotes,  nous  observons  que  : 

-  la  moitie,  environ  de  ces  pilotes  sont  des  blesses  graves  (7/15  soit  46,5  %)• 

-  ces  blesses  graves  se  repartissent^  a  peu  pres,  pour  moitie  dans  les  avions  d’Ecolage  (3) 
et  de  Chasse  (4). 

-  1* ensemble  des  blesses  se  repartit  pour  moitie  dans  les  avions  d'Ecolage  (7+1  indemne) 
et  de  Chasse  (?). 

Ceci  nous  amene  a  considerer  que  1' Experience  n'intervient  pas  et  que,  d' autre  part,  cea  trsu- 
matismes  d' impact  lors  de  la  Phase  Atterrissage-Decollage  sont  graves  dans  environ  50$  des  cas. 


(4)  Relation  entre  le  type  de  blessure,  les  circonstances  de  1 'accident  et  la  cause  directe  des 
blessures. 


LESIONS  |  CAS| 

DESCRIPTION 

CIRCCNSTANCES 

CAIISS  . 

TbT 

(c) 

nn 

(e) 

BLESSES 

i. 

Contusion;;  banales 

Thorax  et  Membres  Superieurs 

Sortie  de  piste  a  l’atterris- 
sage 

Choc  direct  contre  les  com- 
mandeb'  et  le  tableau  de  bord 

2. 

Contusion  Cervicale 

Atterrissage  en  urgence  dans 
un  verge r 

Choc  de  la  nunue  contre  le 
siege  du  pilote 

LIBERS 

4  CAS 

5. 

Contusion  des  menbres  et  du 
dos 

Atterrissage  en  urgence  dans 
un  verger 

Choc  du  tronc  contre  le  sie¬ 
ge  du  pilote 

4. 

Plnies  multiples  superfi- 
cielles 

Overshoot.  Au  redecollage, 
heu-te  des  vehicules  dans 
un  parking 

Choc  contre  le  siege  avant 
d'un  biplace 

JLESSES 

1. 

Brulures  1°  et  2°  p'-rior- 
bitaires. 

Brulures  1°  du  dos  des  2 
mains 

Sortie  de  piste  a  l’atterris- 
sage.  L'avion  prend  feu 

Lesions  dues  aux  flammes. 
Clear  Visor  non  b^isse;  ab¬ 
sence  de  gants 

NOYi.NS 

2. 

Commotion  Cerebrale  legere 
Hematomes  des  paupieres 
Contusion  du  cou  et  du  pied 

Atterrissage  avant  le  debut 
de  piste 

Choc  contre  le  tableau  de 
bord;  lesions  du  cou  dOes 
aux  sangles  du  harnais 

3 

3. 

Angulation  du  plateau  ver¬ 
tebral  :  uperieur  de  D  5 

Atterrisasge  force  brutal  sur 

Is  Base,  de  nuit 

Colonne  Doraale  en  flexion, 
lors  de  1' impact 

nLRSSEC 

1  # 

Fracture  de  D  5 

Atterrissage  sur  le  ventre, 
roue  non  deverrouillee  avec 
sortie  de  piste 

Effet  conjugue  de  forces  lon- 
gitud.  et  horiz.  de  l'arriere’ 
vera  1' avant  +  flexion  ante¬ 
rieure  du  tronc  a  1' impact 

2. 

Blessures  't endues  face  et 
occiput.  Forte  commotion 
avec  coma  de  9  jours.  Frac¬ 
ture  sans  d A placement  de  la 
cheville  gauche 

Faute  technique  de  decollage, 
suivie  d’ejection  dans  des 
circonstances  marginales. 

Chute  iu  pilote  dans  un  maraia 
parachute  non  tot.ouvert 

Perte  du  casque.  Impact  au 
aol.  Cordes  parachute  enrou- 
lees  autour  de  la  cheville 

GRAVES 

7  CAS 

3. 

BrQlures  2°  frontoparietales 
et  h'gniface  droites.  Fracture 
extremite  sup.  perone  gauche 
Tassement  DU  -  D  12 

Ejection  a  basse  altitude  a 

1 ’atterrissage  suite  \  une 
panne  technique 

Chute  pres  du  brasier  du  craa 
Atterrissage  sur  le  survival  | 
Kit.  Atterrissage  non  prepare 

4. 

Fracture  part ie  anterieure 
droite  des  corpa  vertebraux 

de  D  8  et  D  9 

Mauvaise  approche  d* atterrissa¬ 
ge.  L’avion  heurte  les  poteaux 
de  lampes .d* approche.  Le  pilo¬ 
te  s'ejecte  a  basse  sltitude 

Flexion  anterieure  de  la  co¬ 
lonne  dorsale.  Ejection  non 

prepare©. 

1 
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*■  (a) 

"TbT- 

— ra - 

~Jd) - 

5. 

Fractures  de  cotes  multiples 
Fractures  des  deux  malleolea 
pied  g. 

Ecrasement  d'un  SV  4  BIS  en 
mission  de  remorquage  pla¬ 
neur,  a  l'atterrissage 

- Te7 - — | 

Heurt  des  structures  du  cock¬ 
pit  lors  de  l1 impact  j 

6. 

Commotion  cerebrale  avec 
coma  de  3  jours.  Plaies 
multiples  de  la  face  et  du 
cuir  chevelu.  Plaies  cuisse 
et  jambe  droite 

Overshoot.  Au  redecollage 
l’avion  heurte  des  voitures 
garees  dans  un  parking  sur 
la  base 

Choc  direct  contre  les  struc¬ 
tures  du  cockpit 

7. 

Tassement  cuneiforms  de  D12- 
L1  avec  un  ecrasement  du 
plateau  super.  Leger  tasse¬ 
ment  du  plateau  superieur  de 
Dll 

Atterrissage  trop  court  a 
proximite  de  la  barriere 
d'arret,  etendue  sur  le  sol. 
L'avion  s'y  accroche.  Le  nez 
de  l'avion  touche  la  piste; 
la  roue  de  nez  se  brise 

Choc  a  1* impact  lors  de  la 
rupture  de  la  roue  de  nez  i 

L'examen  de  la  relation  decrite  ci-dessus,  nous  permet  de  constater  que  : 

(a)  Les  4  cas  de  Blessures  Legeres  : 

-  surviennent  tous  a  1* atterrissage 

-  consistent  er.  des  contusions  ou  plaies  superficielles  liees  au  choc  de  parties  du  corps 
du  pilote  contre  des  structures  interieures  du  cockpit  (siege-commandes-tableau  de  bord) 

(b)  Les  1  cas  de  Blessures  Koyennes  : 

-  surviennent  tous  a  l'atterrissage 

-  consistent  en  blessures  liees  au  heurt  contre  les  structures  du  cockpit  ,  en  brQlures 
(avion  prenant  feu),  et  en  une  lesion  mineure  vertebrale  de  D3  due  a  une  position  defec- 
tueuse  de  la  colonne  vertebrale  dorsale  en  flexion  lors  de  1 'impact. 

(c)  Les  7  cas  de  Blessures  Graves  se  subdivisent  en  2  groupes  : 

(i)  -  3  cas  d 'ejection  a  tres  basse  altitude  (2  a  l'atterrissage  et  1  au  decollage)  ayant 

entralne  dea  lesions  vertebrales  (D8/D9  et  D11/D12),  commotion  cerebrale  et  frac- 
turea  des  membres  inferieurs  (cheville-perone).  Ces  lesions  aont  liees  a  une  ejec¬ 
tion  non  preparee,  colonne  dorsale  en  flexion,  perte  du  casque  et  chute  sur  le  sur¬ 
vival  kit  non  largue  par  manque  de  temps. 

(ii)  -  4  cas  d'impact  d'atterrissage  provoquant  des  l'sions  vertebrales  (D5  et  D11/12/L1), 

fractures  de  cotes,  commotion  cerebrale  avec  Coma,  fractures  aux  membres  inferieurs 

et  plaiea  de  la  face.  Cea  lesions  sont  directement  liees  a  1' impact  et  au  heurt  du 
pilote  contre  les  structures  du  cockpit  . 

b.  Kid-Air  Collision 


(1)  Type  de  collision  et  gravite  de  l'accident. 

-  Cas  N*  1  -  Collision  d'un  T33  (Cat  3)  et  d'un  planeur  civil  (Cat  3) 

-  Cas  N°  2  -  Collision  entre  -?  F84F  (Cat  3)  dans  une  formation  de  trois  mvions 

-  Cas  N°  3  -  Collision  entre  un  KI7AGE  5  B  BR  (Cat  5)  et  un  planeur  civil  (Cat  5) 

-  Cas  N°  4  -  Collision  entre  deux  T33  (un  Cat  5  et  un  Cat  a)  dans  une  formation  de  4  avions 

(2)  Gravite  des  blesnurea. 


Cr,s  •*  Kid-Air  Collision  ont  implique  7  Pilotes  ou  1 assagers  militaires  et  3  Pilotes  ou  Passa- 
gers  Civils  (planeura). 


indStne 

SLEEVE 

5ECE55 

CAB 

VICTIKE 

LEGES 

KOYEN 

GRAVE 

N°1 

Pilote  T 33 

_ 

X 

_ 

Passager  T  } 

- 

X 

- 

- 

- 

Pilote  planeur  Civ 

- 

- 

- 

- 

X 

Passager  planeur 

- 

- 

- 

- 

X 

:;*2 

Pilote  F  84  F 

• 

Xejec. 

- 

- 

Pilote  F  84  F 

- 

Xejec. 

- 

- 

- 

N°3 

Pilote  K  3  B 

- 

Xejec. 

- 

- 

• 

Pilote  planeur  Civ 

- 

* 

- 

- 

X 

N°4 

Pilote  T  33 

- 

Xejec. 

- 

- 

. 

1 ilote  T  33 

X 

- 

- 

- 

- 

TCTAL 

10 

6 

- 

- 

1 

S 

Cote  :  ejec.  =  'jection. 
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Au  vu  du  tableau  ci-desr.us  nous  constatons. que  : 

-  les  3  occupants  des  2  planeurs  civils  sont  decedes;  ce  nui  n'etonne  evidemrrient  pas,  compte- 
tenu  du  fait  de  collisions  frontales  et  de  l'importante  difference  de  structure  existant 
ertre  les  types  d'aeronefs  rollisionnes. 

-  par  contre  nous  constat  ions  que  les  7  autres  pilotes  ou  passagers  sont  legerement  blesses 
voir  indemnes.  Notons,  cependant,  que  4  de  ces  pilotes  se  sont  ejectes  immediate'-ent  acres 
la  collision. 


(3)  Relation  entre  le  type  de  Blessures,  les  circonstances  de  I'accident  et  la  cause  directe  des 
blessures. 


CAS  N° 

CIRCONST  NCF.C  ACCIDENT 

TYPE  LESIONS 

CUSE  LE  I  .NS 

1. 

Filote  T33 

Le  T33  et  le  Haneur  civil  a  basse  alti- 
titude  volaient,  en  se  rapprochant,  sur 
des  caps  opposes  sur  une  rr.eme  trajectoire 
Les  pilotes  NE  se  sont  PAG  vus,  d'ou  une 
collision  frontale 

Plaies  superf-  au  visage 

Debris  du  planeur  pro- 
jetee  dans  le  cockpitt 

du  T33 

Passager  T33 

idem 

idem 

idem 

2. 

Pi'ote  F£4F 

Unc  formation  de  3  avions  effectue  un 
virage  a  gauche  "VIC".  Durant  ce  vira- 
ge,  le  Leader  ordonne  le  pas  age  en 
Acnelon  a  droite.  Lors  de  cette  manoeu¬ 
vre,  les  N®2  et  N°3  s'accrochent  et  se 
brisent.  Les  2  pilotes  s'ejectent.  Les 

2  ailiers  se  sont  momentan^ment  perdus 
de  vue  pendant  le  chang^ment  de  forma¬ 
tion,  volant  tres  pres  I'un  de  1' autre 

Plaies  superf.  au  front 
et  derriere  ] 'oreille 
gauche 

Perte  du  casque  durant 
l'ejection 

Pilote  F£4F 

idem 

Ecchymoses  des  epaules. 
Contusion  de  D5  a  D7 

Sangles  du  arachute 
Ejection 

3. 

Pilote  M5B 

Les  pilotes  du  KIRAGE  et  du  Planeur 

Civil,  suivant  des  trajectoires  de 
collision  NE  se  sont  PAS  vus  en  temps 
utile  pour  l'eviter.  Le  pilote  du 

MIRAGE  s'ejecte'.  Le  pilote  du  planeur 
est  tue. 

BrOlure  cou. 

Contusion  lombaire 

Sangle  du  parachute 

At  terrissage 

Pilote  T33 

Durant  une  manoeuvre  de  traak,  le 
pilote  perd  son  Leader  de  vue,  dans 
une  formation  de  4  avions  et  le  colli- 
sionne  par  manque  de  vigilance 

Plaies  2  genoux. 

Hematome  sous  clavicu- 

laire  g. 

Heurte  le  Lord  du  wind¬ 
shield  pendant  l'ejec¬ 
tion. 

DO  aux  straps 

La  relation  exprimee  dans  le  tableau  qui  precede  nous  montre  que  : 

(a)  Dans  les  A  cas  de  collision  decrits,  I'accident  est  cause  par  le  fait  que  les  pilo'es  NF 
se  sont  LAS  vus  (7  collisions  avec  des  planeurs)  ou  se  sont  NONENTANEMENT  perdus  de  vue 
lors  de  changerent  de  place  au  sein  d'une  formation  de  plusieurs  avions. 

(b)  Les  collisions  en  elles-mSmes  n'ont  provoqui  Chez  les  survivants  que  des  plaies  superfi- 
cielles  au  visage.  Les  autres  lesions  (assez  lAgeres)  sont  directerrent  liees  a  l'ejection 
(perte  du  casque-sangles  de  parachute-harnais-contact  avec  le  sol-choc  contre  le  bord  du 
windshield  lors  de  l'abandon  de  bord). 

c.  BlrdBtrike. 


Sur  un  nombre  tres  important  de  iiirdstrike  survenus  entre  196£  et  1977  a  la  Force  A-'rienne  Beige, 
nous  ne  retenons  que  2  cas  d'accidents,  impliquant  2  pilotes  et  lors  desquels  les  pilotes  ont  ete 
blesses.  Dans  ces  2  cas,  l'avion  en  cause  etait  un  MIRAGE  3  B. 

-  Cas  N*1 


A  une  altitude  de  1000ft  environ  et  i  une  vitesce  de  400kts  l'avion  entre  en  collision  avec  des 
oiseaux.  Le  pilote  presente  des  bles  ures  superficielles  au  visage  (sa  visiere  de  casque  N'etait 
PAS  abaissee).  Les  degSts  a  l'avion  (cockpit  )  sont  de  categorie  2.  Le  pilote  reussit  a  ra^ener 
l'avion  a  sa  Base. 
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-  Cas  N°2 


Durant  une  mission  de  navigation  a  environ  700ft,  le  pilote  ressent  deux  chocs  quasi  simultanes. 
Le  second  choc  est  ressenti  sur  les  pommettes  et  sur  l'epaule  droite.  Surpris,  le  pilote  1  che 
le  stick  durant  un  court  instant.  L'avion  pique  et  devient  incontrolable.  Le  pilote  s'ejpcte. 

Le  pilote  pr''sente  des  eraflures  superficielles  et  des  contusions  legcres  provoquees  par  l'ecla- 
tement  de  la  verriere.  Le  pilote  avait  sa  visiere  de  casque  abaissee  au  moment  du  birdstrike 
mais  a  perdu  son  casque  durant  l'ejection  (la  mentonniere  etait  attachee  mais  NON  tendue). 

Dans  ces  deux  cas,  les  pilotes  ne  presentent  que  des  blessures  superficielles.  L'opportunite  de  la 
visiere  de  casque  abaiss-’e  eut  permis  d'eviter  (dans  le  premier  cas)  les  plaies  au  visage. 

d.  Ejections  en  vol. 

( 1 )  Type  d'appareil  concern!. 

Entre  1963  et  1977  se  sont  deroul^s  13  accidents  Acriens  suivis  d'ejeciions  impliquant  13 
pilotes.  Nous  n'avons  consider!  QD3  les  ejections  generatrices  de  traumati sites  d'impact  pour 
le  pilote. 

II  s'agit  de  : 

-  4  accidents  d'avions  F  104  G  (dont  1  TF  104  G). 

-  9  accidents  d'avions  MIRAGES  5  B  (dont  1  MIRAGE  5  0  BD). 

(2)  Gravite  des  blessures  des  pilotes  concernes. 


GRAVITE 

F  104  G 

M  5  B 

Total 

LEG.-R 

1 

1 

2 

MOYEN 

1 

1 

2 

GRAVE 

2 

8 

10 

DECES 

1 

0 

1 

TOT.  Pilotes 

5 

10 

15 

Dans  ces  13  accidents  a'riens  suivis  d’ejection,  nous  constatons  cue  sur  un  total  de  15  pilo¬ 
tes,  10  d’entre  eux  ont  et!  grievement  blesses  et  1  des  pilotes  est  dreed!.  II  ressort  que  2/3 
des  cas  de  Iraumatismes  d'impact  lies  aux  ejections  consideroes  ici  sont  des  traumatismes  gra¬ 
ves. 


(3)  Relation  entre  le  type  de  blessures,  les  circonstarces  de  1 'accident  et  la  cause  directe  des 
bleasures . 


LESIONS 

CAS 

DESCRIPTION  DES  BLESSURES 

CAUSE  DES  BLESSURES  I 

LEGER 

1. 

F104G 

Contusion  pouce  gauche 

Contusion  du  bassin 

Contusion  pied  gauche 

Contusion  de  la  nuque 

Atterrissage. (chute  dure  sur  les  2  pieds, 
ensuite  chute  sur  la  face.  Les  2  visierec 
du  casque  etant  abaisseec. 

2. 

M50  3A 

Contusions  banales  de  la  nunue 

Atterrissage. 

MOYEN 

1. 

TF104G 

Fracture  1  phalange  pouce  et  annul aire  gauches 

Durant  l*ejection  n'  n  preparee*  casque, 
gants  et  bottines  arraches. 

M5B  BA 

Hematomes  et  eraflures  de  la  racine  du  nez  et 
du  coin  interne  de  l'oeil  gauche. 

Hematome  face  interne  coude  droit. 

Contusions  dorsales  D9  a  D12. 

Perte  du  casque  durart  l'ejection. 
Atterrissage  dans  des  arbres. 

1. 

TF104G 

Bleasures  superficielles  visage. 

Contusion  bras  droit. 

Tassement  D8  et  D4. 

Casque  non  attache,  a  ete  arrache  lors 
de  l'ejection. 

Atterrissage  sur  le  survival  kit. 

GRAVE 

2. 

K5B  BA 

Tasaemer.t  antero-lateral  droit  de  D  12. 
Fiasurations  verticale  partit  posterieure  du 
corpa  vertebral  de  Dll. 

Blessures  liees  a  une  ejection  dans  une 
position  inadequate. 

5. 

M5B  BR 

Tasaement  de  012  et  fracture  LI. 

Liees  a  l'ejection. 

4. 

M)B  BR 

Blessure  auperficielle  menton. 

Tasaement  vertebral  des  plateaux  aup^rieurs 
de  D7,  DC  et  Oil  avec  legk>re  deformation 
cuneiforme  anterieure  des  corps  vert'braux 

Masque  02  arrache. 

Position  defectueuse  de  In  color.ne  verte¬ 
brate  doraale  a  l'ejection. 
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CAS 

DE  :CRIPTI0N  DES  BLESSURES 

CAUSE  DES  BLESSURES 

5. 

K5B  BR 

Ecchymose  du  cou  a  droite. 

Canine  super ieure  droite  cassee. 

Tassement  vertebral  D12  et  LI. 

Suspentes  du  parachute. 

Atterrissage. 

Atterrissage. 

6. 

K5B  BD 

Fracture  Ischio  et  Ileo-pubienne  droite. 
Fracture  du  coccyx. 

Lesions  liees  a  un  atterrissage  sur  le 
survival  kit. 

7. 

M5B  BD 

Fracture  ouverte  Tibia  et  porone  droits. 
Contusions  et  hematomes  du  cou  et  de  l'epaul* 
gauche. 

Atterrissage  sur  le  survival  kit. 

Dues  aux  suspentes  et  harnais  du  para¬ 
chute. 

8. 

MSB  BA 

Eraflures  bras  dr.  et  cou  a  g. 

Contusion  coccygienne. 

Felure  porone  gauche. 

Tassement  de  Dll. 

Tassement  espace  L5-S1. 

Lesions  dues  a  un  atterrissage  dur  sur 
le  coccyx  puis  sur  le  dos,  jambe  repliee 

9. 

M5B  BA 

Hematomes  au  visage  (paupieres,  narines  et 
commissures  labiales). 

Fracture-tassement  vertebrale  onterieure  de 
Dll. 

Lesions  dues  au  casque. 

Lesions  d'ejection  (douleur  a  l'ejection 
par  poignee  basse,  1' avion  etant  sur  le 
dos). 

10. 

F104G 

Fracture-tassement  de  D6-D7  et  D8. 

Position  defectueuse  a  l'ejection. 

DECSS 

1. 

F104G 

Trauma  de  la  base  du  crSne. 

Folytraumatismes  des  membres  et  de  la  colone 
vertebrale. 

Atterrissage  avec  un  parachute  NON 
ouvert. 

Le  tableau  ci-dessus  nous  ameno  a  formuler  ouelques  remarques  : 

-  les  2  cas  de  blessures  logeres  soot  du  type  contusionnel  et  sont  liees  a  1 'atterrissage. 

-  les  2  cas  de  blessures  moyennes  (fractures  de  doigLs  et  hematomas  multiples)  sont  li*»es  soit  a 
la  perte  d1 equipements  durant  la  sequence  d'ejection  soit  a  1 'atterrissage. 

-  les  1?  cas  de  blessures  graves  se  caracterisent  par  : 

-  8  fractures  ve rtr-b rales  dont  ; 


(i)  .5  liees  a  1 'at terrissage  (D8-D9  /  D12-L1  /  D11-L5-61)  chute  du  pilote  en  position  assise 
ou  sur  le  survival  kit. 

(ii)  5  Lic-es  a  l'ejection  Mlle-m?me  (D1 1-D'l 2/DI 2-L1/D7-D8-D1 1/DI  1/D6-D7-D8)  en  rapport  avec  une 
position  defectueusr  de  la  colonne  vertebrale  lors  de  l'ejection. 

-  2  fractures  du  bass  in  et  des  memhres  inferieurs  : 

Ces  lesions  ~ort  en  rapport  nv  c  un  atterrissage  dur  sur  le  survival  kit,  non  1-rguA  vu  les 
circonstances  d' emergency. 

Ln  outre,  dans  ces  10  cas  de  blessures  -raves  il  ,  a  lieu  d'ajouter  : 

-  des  blessures  multiples  au  visage,  li'>es  n  1 'arracherent  du  ci  quo  ou  du  masque  a  oxygene 
durant.  l'ejection. 

-  des  l'sionr.  contuses  au  niveau  du  cou,  des  ejaules  et  des  memhres  s»»p'-rieurs  en  rapport  avec 
les  tractions  exercees  p~r  les  suep^ntes  d"  parachute  ou  le  ha  main. 

Conclusion  de  la  Premiere  Part:e  stat istique. 

Dans  cette  Kevie  st  ti.stique  de  C  s,  cou v rant  la  p'riode  'r  V‘6t  j  1°77  inclus  il  acci  tents  d'impnct 
survenua,  pn  service  aerien,  1  ;les  oilot^s  de  Chacse  ou  d'Ecolage  de  la  Force  Adrienne  nelge  (42 
pilotes  et  ear,: vigors)  ont  analyses* 

En  fond i on  des  4  categories  d* impact  ►*nvir.agees,a  savoir  : 

-  Atterrissage-DAcollage. 

-  Kid-Air  Collision. 

-  iiirdstrike. 

-  Ejections  en  vol. 

Nous  constatons  que  la  gravite  des  blessures  eacourues  se  repartit  de  la  fagon  suivante  : 
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GKAVITE  LESIONS 

ATTER3ISSAGE 

DECOLLAGE 

id-air 

COLLISION 

BIRDSTRIKE 

EJECTIONS  EH  VOL 

TOTAL 

INDEMNE 

1 

1 

. 

_ 

2 

LEGER 

4 

6 

2 

2 

14 

."OYSN 

3 

- 

_ 

2 

5 

GHA  IE 

n 

f 

- 

- 

10 

17 

DECSS 

- 

3 

- 

1 

4 

TOT  i  ILOTES 

15 

10 

2 

15 

42 

Le  tableau  qui  precede  nous  amene  aux  reflexion^  suivantes  : 

1.  Sur  un  total  de  42  pilotes  ou  pas  ;agers  d'avion«  de  chasse  ou  d'ecolage  (y  compris  3  occupants  de 
planeurs  civils)  ayant  ete  l'objet  de  trauma tismes  d'impact,  nous  constatons  que  50$  sont  des 
traumatises  graves  ou  sont  d’cedes. 

2.  ^ue  le  %  relatif  des  traumatismes  graves  se  trouve  le  plus  Aleve  dans  les  impacts  lies  aux  ijec- 
tions  en  vo’,  (10  sur  15)  "uivi  par  l»s  accidents  d 'atterrissage-deccllage  (7  sur  15). 

3*  sue  le  nombre  de  deces  s'avere  le  plus  eleve  dans  les  Mid-Air  Collision,  compte-tenu  du  fait  oue 
les  3  pilotes  decades  se  trouvaient  a  bord  de  planeurs  civile  collisionnes. 

Remarque  s 

Dans  cctte  analyse,  seules  les  ejections  aye n f  entralne  nn  trauma  pour  le  pilots  ont  ete  envisagees- 
II.  Denxieme  I'artie  :  Aspect  Analytique  du  "Devenir  des  pilotes"  concernes. 

Preliminaires 


Apres  avoir  investigue  une  serie  de  31  accidents  impliquant  42  pilotes  ou  pas-agers  d'avions  de  chasse 
et  d'Acelage,  survenus  entre  1968  et  1r'77  a  la  FAe  Beige  et  en  avoir  decrit  les  lesions  des  occupants 
victimes  de  traumatismes  d'impact,  il  nous  a  paru  interessant  d’examiner  les  consequences  de  l'accident 
pour  les  pilotes  en  fonction  de  leur  carriere. 

L'etude  de  ce  "devenir"  des  pilotes  apr"s  l'accident  envisagera  la  duree  d'inaptitude  temporaire  totale, 
lea  decisions  ulter’eures  de  limitation  d'aptitude  au  vol  et  l'aptitude  finale. 

Ces  diff'-rents  consid  "'rat'ons  se  feront  dans  cheque  categoric  de  traumatisme  par  impact. 

1 .  Devenir  du  pilote  victime  de  traumatismes  par  impact  dans  les  accidents  d'atterrissage-decnllage. 


3HAVITE  LESIONS 

CAS  N° 

INAPTE  TEMPOS 

TOTAL 

APflfUDE 

LINITEE 

APTlfUDfc 

FINALE 

LEGES 

1. 

40  jours 

_ 

TOT.  Apte 

2. 

- 

Apres  570  J. 

Limite  TPT. 

3. 

- 

. 

TOT. Apte 

4. 

15  Jours 

- 

TOT.  Apte 

:■  OVEN 

1. 

90  jours 

_ 

TOT.  Apte 

2. 

30  jours 

- 

RATE 

3. 

15  Jours 

- 

Limite  TPT. 

GRAVE 

1. 

l80  jours 

_ 

TOT.  Apte 

2. 

570  jours 

- 

INAPTE  i 

3. 

120  jours 

- 

TOT.  Apte 

4. 

150  jours 

- 

TOT.  Apte 

5. 

150  jours 

- 

TOT.  Apte 

6. 

IOC  jours 

- 

INA1TE 

7. 

130  Jours 

180  J  Lim  TPT 

TOT.  Apte 

INDEPNE 

1. 

- 

- 

TOT.  Apte 

TOT  PILOTES 

15 

1*590  jours 
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Considerations 


Le  "Devenir"  de  ces  pilotes  victimes  d'accidenta  d'impact  lora  de  l'atterrisaage-decollage,  a'etablit 
comme  suit  : 


Sur  un  total  de  15  pilotes  concernea  : 

a.  L’inaptitude  temporaire  totale  a  ete  de  1.590  jours  pour  ces  15  pilotea  aprea  l'accident,  soit 
un  %  moyen  de  106  jours  par  pilots. 

b.  Les  limitations  temporaires  d’aptitude  se  sont  averees  necessaires  dans  deux  cas  (limitation  aux 
avions  de  chasae  sana  siege  ejectable  et  avions  de  transport)  l’un,  aprea  570  jours  d'aptitude 
totale  auite  au  developpement  d'un  syndrome  cervico-brachial  chronique  (lors  de  l’accident,  aeulea 
des  nuqualgiea  avaient  ete  signalees  et  le  pilote  avait  ete  declare  immediatement  totaleirent  apte 
au  vol),  l'autre,  apres  130  joura  d’inaptitude  totale,  a  subi  une  periode  de  180  jours  d'aptitude 
limitee  aux  TPT.  et  a,  ensuite,  ete  declare  Totalement  Apte  au  vol  (il  a'agissait  d’un  tassement 
vertebral  de  D12-L1). 

c.  L’Aptitude  finale  de  cea  15  pilotea  accidentea  a'etablit  comme  auit  : 

-  10  sont  finalement  declares  entierement  Aptea  au  vol  (66,66  %) 

-  2  sont  declares  Inaptes  definitivement  (13,33  %) 

-  1  est  Raye  par  la  suite  pour  raiaons  profesaionnelles  (6,66  %) 

-  2  aont  limites  au  TPT  et  aux  avions  de  chaase  sans  siege  ejectable  (13,33  £) 


2.  Devenir  du  pilote  victime  de  traumatisme  par  impact  danB  dea  RIP-AIR  Collision. 


GRAVITE  LESIONS 

CAS  N° 

INAPT5  TENPOR 
TOTAL 

APTITUDE 

LIKITEE 

APTITUDE 

FINALE 

LEGER 

1. 

TOT.  Apte 

2. 

- 

- 

TOT.  Apte 

3. 

- 

- 

TOT.  Apte 

9. 

- 

- 

TOT.  Apte 

5. 

20  jours 

- 

TOT.  /ipte 

6. 

8  joura 

- 

TOT.  Apte 

INDENNE 

1. 

- 

- 

TOT.  Apte 

DECKS 

1. 

m 

DECES 

2. 

- 

DECES 

5. 

- 

- 

DECES 

TOT.  Pilotes 

10 

2fi  Jours 

- 

Considerations 


Le  "..evenir”  de  ces  pilotes,  victimes  de  Kid-Air  Collision,  a'etablit  comme  suit  : 

■'ur  un  total  de  1C  pilotea  concernea  (dont  3  civils) 

a.  Les  ■'  civils  occupants  de  planeurs  sont  deced-a. 

b.  L'lnaptitude  temporaire  totale  a  ete  de  2i  joura  pour  les  7  pilotes  3urvivantr ,  aoit  un  e  moyen 
de  A  joura  par  pilote. 

c.  La  limitation  tempo-aire  d'aptitud;  a  Ate  nulle. 

d.  -'aptitude  definitive  a  ete  totale  au  vol  pour  tous  lea  survivants  (a  noter  ou'un  de  ces  pilotea 
est  d'cede,  en  service  aerien,  1  ans  apres  sa  Vid-Air  Collision). 


3.  Devenir  du  pilote  victime  de  traumatia~e  par  impact  dans  dea  eccjdenta  de  Blrdstrike. 


ISAVITE  LESIONS 

cmi:ai 

! 

5 

LEGES 

— 

_ 

TOT.  Apte 

15  jours 

- 

TOT.  Apte 

TOi'.  Pilotes 

15  joura 

- 
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Considerations 

Le  "Devenir"  de  ces  pilotes  victimes  de  birdstrike  traumatisant  se  caractense  comme  suit  : 
Sur  un  total  de  2  pilotes  concernes  : 

a.  L'inaptitude  temporaire  totale  a  ete  de  15  jours  soit  un  %  moyen  de  7,5  jours  par  pilote. 

b.  II  n'y  a  pas  eu  de  limitation  temporaire  d'aptitude. 

c.  Ces  2  pilotes  ont  finalement  ete  declares  t~talement  aptes  au  vol. 

4.  Devenir  du  pilote  victime  de  traumatisme  par  impact  dans  des  accidents  suivis  d 'ejection. 


GRAVITE  LESIONS 

CAS  N" 

INAPTE  TENPOR 
TOTAL 

APTITUDE  LIMIT EE 

APTITUDE  FINALE 

LEGER 

1. 

90  jours 

m , 

TOT.  Apte 

2. 

3  iours 

- 

INAPTE 

NOYEN 

1. 

90  jours 

_ 

TOT.  Apte 

2. 

8  iours 

- 

TOT.  Apte 

GRAVE 

1. 

180  jours 

2eme  pilote 

2eme  pilote 

2. 

150  jours 

- 

TOT.  Apte 

3. 

120  jours 

- 

TOT.  Apte 

4. 

210  jours 

TOT.  Apte 

5. 

480  jours 

• 

TOT.  Apte 

6. 

120  jours 

- 

TOT.  Apte 

7. 

330  jours 

TPT  360  jours 

TOT.  Apte 

8. 

160  jours 

TFT  Heli  240  jours 

TOT.  Apte 

9. 

150  jours 

- 

TOT.  Apte 

10. 

270  jours 

TPT 

TPT 

DECES 

1. 

- 

- 

- 

TOT.  Pilotes 

15 

_ 

2.361  jours 

" 

- 

Considerations 

Le  "Devenir"  de  ces  pilotes  victimes  d'accidents  aeriens  suivis  d'ejection  s'etablit  comme  suit  : 

Sur  un  total  de  15  pilotes  concernes 

a:  Un  des  pilotes  est  decide  lors  de  1 'ejection. 

b.  L'inaptitude  temporaire  totale  a  ete  de  2.361  jours  pour  lea  14  pilotes  survivants,  soit  un  % 
moyen  de  *  168  jours  par  pilote. 

c.  La  limitation  temporaire  d'aptitude  s'est  revelee  indispensable  dans  4  cas  (Transport-Helico  ou 
presence  d'un  2eme  pilote  experimente). 

d.  L'aptitude  finale  de  ces  14  pilotes  a  et i  la  3ui»ar.te  : 

-  11  pilotes  ont  finalement  ete  declares  totaiement  Aptes. 

-  1  pilote  a  ete  declari  definitivement  inapte  par  perte  de  motivation. 

-  2  pilotes  out  ete  dAfir.itiv»«ent  limites  (l'un  aux  avions  de  transport,  1 'autre  a  la  presence 
oblifee  d'un  2eme  pilote  experimente  lors  de  ses  vols). 

5.  Devenir  des  pilo'es  victimes  de  traumatisme  par  impact  dans  1' ensemble  des  4  categories  d'accidents 
envisages. 
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QRAVITE  LESIONS 

Nbre  Pilotes 

INAPTE  TEMP. 

TOT 

APTIT 

LIMITEE 

APTITUDE  FINALE  | 

Apte 

Limite 

Inapte 

Raye 

Dccede 

LSGER 

14 

191  jours 

1  caa 

12 

1 

1 

- 

- 

NOYEN 

5 

233  jours 

0  cas 

3 

1 

- 

1 

- 

GRAVE 

17 

3.570  jours 

5  caa 

13 

2 

2 

- 

- 

INDEKNE 

2 

- 

0  cas 

- 

- 

- 

- 

DECES 

4 

- 

- 

- 

- 

- 

- 

- 

TOTAL 

42 

3*99^  joura 

6  cas 

30 

4 

3 

1 

4 

Considerations 


Le  "Devenir"  de  res  pilotes  et  passagers  d'avions,  victimes  d'accidents  aeriens  avec  traumatisme  par 
impact  s'etqblit  comme  suit  : 

Sur  ur.  total  de  42  pilotes  concernes  : 

a.  4  pilotea  sont  decedea. 

b.  2  pilotes  furent  indemnea  et  declares  Totalement  Aptes  immAdiatement . 

c.  Les  36  aurvivants  blessea  ont  totalise  un  nombre  total  de  3.Q94  jours  d'inaptitude  temporaire 
totale,  soit  un  %  moyen  de  •  111  jours  par  pilote. 

d.  Dsns  6  cas  sur  36  cette  inaptitude  temporaire  totale  a  Ate  suivie  ri'une  aptitude  au  vol  limitee. 

e.  L'aptitude  definitive  a  ete  TOTALE  dans  30  cas  sur  42. 

4  pilotes  ont  ete  definitivement  limitAa. 

3  pilotea  ont  ete  declares  Inaptes  dAfinitivement. 

1  pilote  a  ete  RayA  du  Pe-sonnel  Navigant  ulterieurement. 

6.  Conclusions  de  la  Deuxieme  Partie  Analytique. 

Dans  le  cadre  de  cet'e  Analyse  du  "eevenir"  des  pilotea,  victimes  d’accidents  aeriens  survensB  par 
impact  dana  des  circonstancea  diverses,  nous  er.  arrivon*  a  conclure  que  sur  un  total  de  31  accidenta 
ayant  implique  42  pilotea  ou  passagera  d'avions  eccidentes  l'influence  sur  la  carriere  future  du 
pilote  s'est  itablie  comme  suit  : 

-  4  pilotes  sont  dAcedes  soit  9,5  *. 

-  30  pilotes  ,ur  42  se  retrouvent  Totalement  Aptes  aprea  des  dAlais  divers  soit  71,5  A. 

-  4  pilotes  sont  d»finitivement  Inaptes  soit  9,5  ?-• 

-  4  pilotes  sont  dAfinitivement  Limitea  dana  leur  carriere  (paaeage  aur  un  sutre  type  d'avion)  soit 
9,5  %. 

III.  CONCLUSION  GENERA LE 


Cette  Revue  de  caa  de  traumatiimea  par  impact  en  Service  Aerien  a  la  Force  AArienne  Beige  nous  permet 
d'Atablir  les  constststions  suivantes  en  fonction  du  Typ*  d'Impact  : 

1 .  Accidenta  d'Atterrissage-Decollage. 

Nous  remarquons  que  46,5  %  des  victimes  de  ce  type  d'accident  sont  des  blessea  graves  se  repartis*, 
sant  environ  pour  moitiA  dsns  des  accidents  d'sviona  de  chaise  et  d'Acolage.  Les  causes  en  sont 
pour  moitie  des  ejections  a  tres  basse  altitude  lora  d'atterrissage-d*collage  et  pour  I'autre  moi¬ 
tie  des  cas  d'  mpact  direct  avec  le  aol.  Les  lesions  encourues  par  les  pilotes  consistent  essen- 
tifllement  en  des  lAsiona  vertebrnles,  fractures  de  cotes,  commotions  cerebrales,  fractures  dea 
membrea  inferieurs  et  des  plsies  de  la  face.  L'inaptitude  temporaire  totsle  qui  cn  a  rAsultA  pour 
le  pilote  s  ete  en  moyenne  de  106  jours.  Le  devenir  profesaionnel  definitif  de  ces  pilotea  s'est 
revele  Itre  l'sptitude  totale  dans  66,66  %  des  cas,  l'inaptitude  definitive  dns  1',35  1  des  cas, 
la  radiation  professionnelle  dans  6,66  *  des  css  et  la  limitation  definitive  i  un  autre  type  d'svion 
doss  13,33  A  des  css. 

2.  Accidents  de  Kid-Air  Collision. 


Ces  accidenta  ont  provoque  le  deces  de  tous  les  occupants  des  planeurs  civile  collisionnea  par  des 
avions  de  chasse.  Ils  n'ont  occaaionnA  que  des  lesions  mineures  che*  les  pilotes  militaires  acci- 
dentea  (su  visage  ou  li*’ea  a  l'ejection).  La  cause  de  ces  collisions  eat  dOe  a  l'atsence  de  percep¬ 
tion  visuelle  de  l'sutre  avion  ou  a  une  perte  momentanee  de  perception  visuelle  de  I'autre  avion 
dans  d*s  changements  de  place  lors  de  vols  en  formation).  L'inaptitude  temporaire  totale  qui  en  s 
reaulte  s  ete  en  moyenne  de  4  jours  par  pilote.  Les  limitations  ulterieures  d'aptitude  ont  ete  nul- 
lea  pour  lea  pilotea  militaires  aurvivsnts.  L'aptitude  definitive  s'est  svArAe  etre  totale  dans 
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100  %  des  cas  des  surrivante. 

3.  Accidenta  de  Birdstrike. 

Ces  accidents  n'ont  cause  que  des  bleoaures  auperficiellea.  L'inaptitude  temporaire  totale  resul- 
tante  a  ete  de  7,5  jours  pa-  pilote  en  moyenne.  II  n'y  a  pas  eu  de  limitation  ulterieure  d'aptitude. 
L'aptitude  finale  a  ete  totale  dans  100  %  des  caa  de  pilotes  concernes. 

4.  Accidenta  d’Ejections. 

Dans  2/3  des  cas  les  pilotes  ont  preaente  des  blessurea  graveB.  Un  dea  pilotea  est  decede.  Cea 
traumatismes  graves  (10  cas  sur  15)  ont  consiste  dans  8  cas  sur  15  en  des  lesiona  de  la  colonne 
vertebrale  (entre  D6  et  LI  pour  les  lesions  d'ejection  m8me  et  entre  D8  et  SI  pour  lea  leaiona 
lieea  a  l'atterriasage)  et  dans  2  cas  sur  15  en  des  leaions  du  bassin  ou  des  membrea  inferieurs 
liees  a  1 'atterrissage  sur  le  survival  kit  non  largue. 

L'inaptitude  temporaire  totale  a  ete  en  moyenne  de  168  joura  par  pilote.  Le  devenir  professionnel 
definitif  des  pilotes  s'eat  revele  Stre  de  73,33  d'aptitude  totale,  6,66  %  d’inaptitude  definiti¬ 
ve,  13,33  %  de  limitation  definitive  d'aptitude  et  de  6,66  %  de  dices. 

II  apparalt  done,  que  dans  1 'ensemble  de  ces  4  categories  envisagees  : 

-  50  %  des  pilotes  sont  blesses  graves  ou  decides. 

-  le  %  de  trauma' ismes  graves  est  le  plus  sieve  dans  les  impacts  lies  aux  ejections  suivi  des  accidents 
d 'atterrissage. 

-  les  pilotea,  victimes  de  traumatismes  par  impact  a  la  Force  Aerienne  Beige  conservent  un  "Devenir" 
professionnel  tres  satisfaisant  puisque,  dans  l'ensemble  des  pilotes,  Ceux  qui  ont  Ate  declares  fi- 
nnlement  totelement  Aptes  representent  71,5  %  et,ceux  qui  ont  ete  limites  a  un  autre  type  d'appareil 
reprosentent  9,5  %• 

-  81  %  des  pilotes  accidentes  ont  done  pu  poursuivre  leur  carriere  dans  le  personnel  n’jvigant. 


Cette  conclusion  d'une  Revue  de  31  accidents  d'impact  traumatisant3  aurvenus  a  4d  pilotes  d’avions  de 
chasse  ou  d’ecolage  a  la  Force  Aerienne  Beige  entre  1968  et  1977  nous  apparalt  done  comme  tres  positi¬ 
ve  en  ce  qui  concerne  le  "Devenir"  professionnel  des  pilotes  accidentes. 
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DR.  AUFFRET  (FR) 


DISCUSSION 


On  the  bird  strike,  you  have  taken  only  two  cases  and  I  would  like  to  ask  you  whether  it  was  the  front  canopy 
of  the  mirage  or  the  lateral  canopy?  Recently  in  France,  1  have  seen  two  bird  strikes  which  broke  the  side  canopy 
during  very  steep  banking  maneuvers. 

AUTHOR'S  REPLY 

Well,  wc  kept  only  two  cases  in  statistics,  because  the  other  bird  did  not  enter  the  aircraft  and  the  pilot  was 
not  injured.  In  these  two  cases ,  it  was  a  frontal  type  of  collision  ,  and  there  was  no  problem  in  either  banking  or 
turning. 
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IMPACT  INJURIES  FROM  LINEAR  ACCELERATION  SUSTAINED  BY  AN  F-5  MAN/MACHINE  COLLIDING 
WITH  THE  TERRAIN  AT  45  KIAS 

by 

Hare.Ia  T.  Andersen 
Institute  of  Aviation  Medicine 
P.0.  Box  281,  Blindern 

OSLO  3 

TIGER  BLUE,  a  flight  element  consisting  of  two  Freedom  Fighters,  (Northrop  F-5A/B)  took 
off  in  formation  from  a  lirlitary  air  base  in  southern  Norway  at  1035Alpha  on  bright 
winter  day  for  a  tactical  training  mission.  The  mission  tasks  were  as  follows: 

planning  an  executing  a  flight  of  two  aircraft  attacking  a  minimum  of  two  targets 
on  the  ground 

Training  offensive  and  defensive  tactical  formation  flying  at  altitudes  between 
200  and  1000  feet  with  repeated  attacks  on  the  targets 

return  to  homebase  with  correct  approach  procedures  and  landing 

The  lead  aircraft  was  flown  by  a  senior,  very  experienced  Flight  Commander.  TIGER-BLUE-2 
was  a  young  second  lieutenant  with  a  total  of  293.5  flying  hours,  210  of  which  in  jet 
aircraft  with  only  61  hours  in  the  F-5A/B.  He  had  been  posted  to  the  squadron  one  month 
before  the  day  of  the  fatal  accident.  By  colleagues  he  was  regarded  as  an  average  pilot 
exhibiting  remarkably  mature  attitudes  towards  flying  duties.  His  manual  skills  were 
appreciated  as  being  better  than  average,  but  his  progress  evidently  deliberate,  labeling 
him  a  slow  learner.  In  retrospect,  it  is  interesting  to  note  the  fact  that  two  of  the 
instructors  on  the  squadron,  independently  of  each  other,  commented  in  the  post-crash 
interviews,  that  this  young  second  lieutenant  responded  much  slower  than  one  would  expect 
to  new  visual  inputs  when  suddenly  presented.  Moreover,  his  critical  judgement  on 
difficult  approaches  had  sometimes  been  questioned.  Under  such  circumstances  a  lack  of 
initiative  had  been  apparent. 

The  weather  report  for  southern  Norway  on  the  day  of  the  accident  was  very  good,  a  high 

pressure  ridge  over  Scandinavia  giving  cold  bright  winter  conditions,  but  with  the  sun 

low  over  the  horizon.  Winas  were  northerly  at  10-15  knots  in  exposed  areas.  Visibility 
at  the  site  of  the  accident  was  70  km  in  bright  sunshine  and  calm.  Such  weather  condit¬ 
ions,  with  a  bright  but  low  sun  shining  on  white  snow  over  sloping  hills  produce  a 
phenomenon  well  known  to  experienced  air  crew:  Behind  hills,  shadows  take  on  a  soft, 
bluish  tint  which  gives  an  impression  of  depth  and  distance,  and  the  hills  themselves 
appear  to  be  less  steep  than  they  in  fact  are. 

The  altitude  meter  setting  (QNH)  on  the  air  base  was  1020  millibars,  whereas  in  the 
target  area  the  corresponding  figure  was  1013.  With  the  altimeter  set  on  base,  it 
would  read  175  feet  too  high  in  the  target  area  and  the  flight  pattern  for  the  attack 
could  consequently  be  flown  175  feet  too  low  if  instruments  had  to  be  relied  on. 

This  is  not  likely  to  have  been  the  case.  Such  an  error  of  instrumental  display  cannot 

have  been  the  cause  of  the  accident.  It  could  hardly  have  been  contributory. 

TIGER  BLUE  flew  a  defensive  formation  to  the  target  area  and  was  subsequently  cleared 
for  all  heights  between  *:he  terrain  and  500  feet.  As  the  formation  entered  the  region 
designated  for  low  level  military  flying  training  500  feet  was  selected.  The  formation 
was  simultaneously  changed  from  defensive  to  offensive.  At  initial  point  (IP) ,  the 
altitude  was  reduced  to  200  feet  and  speed  selected  at  450  knots.  The  lead  aircraft 
went  d  rectly  lor  ^he  target  whereas  Tie  no  2,  according  to  the  briefed  procedure,  flew 
a  curve  to  the  left  of  the  leader  in  order  to  establish  a  30  sec  separation  between 
deliveries  of  weapons. 

TIGER  BLUE-leader  dived  as  had  been  briefed  during  the  pre-flight  preparations  15°  on 
the  target  -  a  bridge  on  the  main  road  -  in  order  to  simulate  delivery  of  bombs. 

TIGER  BLUE-two  made  a  similar  attack  30  seconds  later.  Both  planes  pulled  out  and 
returned  southwards  to  the  IP,  joined  in  offensive  formation  and  went  for  the  target 
for  a  second  attack  to  be  flown  exactly  as  the  first  one. 

TIGER  BLUE-two  agair  flew  a  course  intended  to  give  a  30  sec  separation  between  del. very 
or  weapons  and  took  up  position  2  nautical  miles  behind  the  leader  as  TIGER  BLUE-one 
pulled  up  for  the  attack. 

Twenty-nine  seconds  later  TIGER  BLUE-two  called  that  he  was  about  to  pull  up  for  his 
second  attack  on  the  target.  This  is  his  last  recorded  radio  transmission.  This  t'me 
he  came  in  at  a  very  low  altitude,  approximately  75  feet  over  the  terrain,  the  lake 
Breidvatn.  Ke  rolled  out  but.  continued  in  horizontal  flight  passed  the  ~.arget.  TheQtail 
of  the  plane  struck  the  ground  just  below  the  roadside  and  with  tne  nose  elevated  20°. 

Than  the  aircraft  bounced  over  the  road,  collided  directly  1 ront-on-terrain  and  dis¬ 
integrated  . 

Some  of  the  larger  pieces  of  the  wreckage  are  shown  in  the  series  of  i llusti a tions : 

-  the  site  of  impact  overview 
the  crash  site  close-up 

the  pilots  seat 

the  nose  cone  with  pitot  tube 

-  upper  part  of  left  tail  cone 
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upper  part  of  tail  fin 
lower  part  of  tail  fin 

The  pilot  died  in  the  crash.  His  body  was  remarkably  well  preserved  the  high  speed 
and  mode  of  impact  taken  into  consideration.  Two  illustrations  show  the  body  from 
right  and  the  left  side  wearing  flight  suit,  exposure  suit  under  the  flight  suit, 
anti-G  garment  and  flying  boots.  Likewise  the  parachute  harness  and  the  separate 
harness  with  floating  devices  were  left  in  place. 

The  right  arm  is  badly  torn  and  ripped  off.  There  is  a  large  lesion  in  the  material 
over  the  right  thigh,  a  smaller  one  over  the  left  thigh  and  one  on  the  left  side  hear 
the  neck  lining.  Details  of  these  tears  are  shown  in  the  three  separate  close-up  views 
of  the  flying  clothing: 

the  tear  of  the  right  thigh 
the  slit  down  the  left  thigh 
the  neck-near  lesion. 

There  is  one  additional  small  lesion  on  the  back  of  the  exposure  suit  along  the  seem. 
Otherwise  the  back  side  of  the  clothes  are  intact. 

The  right  and  the  left  boot  are  shown  in  the  next  two  illustrations.  The  heel  of  the 
right  boot  is  almost  ripped  off,  the  left  boot  is  torn  across. 

The  anti-G  garment  is  torn  and  the  waist  separated  from  the  parts  covering  the  lower 
extremities  as  is  illustrated  the  next  picture.  The  valve  and  hose  for  pressurised  gas 
is  virtually  uninjured. 

The  body  itself  is  that  of  a  young  male  approximately  165  cm  with  obvious  rigor  and  livor 
mortis.  The  head  is  torn  off  -  it  was  never  recovered  -  leaving  on’y  soft  tissue  from 
the  right  side  of  the  neck  and  the  right  ear.  The  tear  continues  down  the  left  side  of 
the  chest. 

The  right  arm  was  found  beside  the  body  it  is  torn  apart  at  the  middle  of  the  upper  arm. 
Some  laceration  of  both  arms  and  hands  are  apparent.  On  the  anterior  aspect  of  the 
right  thigh  a  20  cm  long  lesion  which  involve  the  underlying  muscular  tissue.  There  is 
a  more  superficial  wound  on  the  left  thigh.  Both  femurs  are  broken.  On  the  right  foot 
a  soft  tissue  wound  is  seen  extending  across.  It  corresponds  to  the  tear  previously 
shown  on  the  left  boot.  There  are  no  lesions  of  the  back,  the  buttocks  or  the  posterior 
aspects  of  the  lcwer  extremities. 

FINDINGS  ON  AUTOPSY. 

Chest  organs. 

Left  first  and  second  costae  were  missing,  trachea,  the  esophagus,  the  left  lung  and  the 
heart  likewise,  whereas  the  right  lung  was  present  although  lacerated.  The  aorta  was 
ruptured. 

Abdomal  organs . 

The  abdomal  organs  were  virtually  injured.  In  the  stomach  about  30  ml  of  digested  food 
was  found.  Thire  were  no  tablets  or  parts  ol  tablets  in  the  content.  The  mucosa  was 
pale  with  fine,  normal  fo'uings.  The  small  and  the  large  intestine  were  unremarkable. 

No  pathological  changes  were  detected  on  the  examination  of  the  kidneys,  the  adrenals 
glands  or  the  pancreas. 

A  small  laceration  was  evident  on  the  surface  of  the  liver.  When  sliced  the  cut  surfaces 
appeared  normal,  but  several  lesions  cculd  be  seen. 

There  •■an  no  damn  le  to  the  genito-urinary  system.  The  bladder  contained  200  ml  clear, 
yellov  urine. 

Laboratory  analysed  for  alcohol  and  carbon  dioxide  were  negative. 

It  appears  likely  that  the  lesions  of  head,  chest  organs  and  extremities  were  caused  by 
the  decelerative  forces  when  the  plane  collided  with  the  terrain.  The  lesion  to  the  body 
correspond  closely  to  the  external  injuries. 

Moreover,  it  is  highly  probable  that  the  pilot  was  in  control  of  the  plane  until  it 
crashed.  It  hns  been  concluded  that  the  pilot  made  an  unauthorized  low  pass  not  re¬ 
acting  quickly  enough  to  clear  the  sloping  hills  on  the  far  side  of  the  target  and  that 
he  died  from  the  multiple  injuries  caused  on  impact. 
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Fig.7  The  lower  part  of  the  tail  fin 


Figure  8 


Fig.  1 1  The  flying  suit  slit  down  the  left  thigh 


Fig.  1 2  The  Hying  suit  tears  in  the  region  of  the  neck 


Fig.  1 7  Valve  and  pressure  hoses  were  virtually  undamaged 


Fig.  18  Valve  and  pressure  hoses  were  virtually  undamaged 
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PREFACE  TO  ROUND  TABLE  DISCUSSION 

EDITOR'S  NOTE:  Dr.  D .  J  .  Thomas  of  the  U  .S .  Naval  Biodynamics  Laboratory  presented  a  film  showing  instrumented 
ejection  seat  tests  at  the  US  Navi  Air  Development  Center.  His  discussion  of  the  film  is  noteworthy  and  is  presented  here 
prior  to  the  round  table  discussions . 

DR .  THOMAS  (USA) 

The  dummies  used  in  these  ejection  seat  tests  were  instrumented  in  conformance  with  the  same  standards  we 
use  in  the  laboratory,  a  three-dimensional  coordinate  system  was  established  on  the  seat  and  on  tne  chest.  We 
specifically  did  not  bother  with  head-neck  instrumentation  for  the  simple  reason  that  we  knew  the  dummies  did 
not  have  adequate  fidelity  to  make  it  worthwhile;  therefore,  we  are  currently  limited  with  systematically  compar¬ 
ing  the  inertial  response  of  the  dummy  between  seats  and  between  aircraft  as  Mr.  Frisch  disclosed  in  his  paper 
this  week .  Our  Navy  teats  make  it  posaibie  for  us  to  rank  seats,  but  we  cannot  establish  absolute  ievels  of  safety 
based  on  these  measurements  because  of  the  limited  fidelity  of  the  dummy ,  and  the  iimitation  of  well  validated 
mechanisms  of  injury  and  their  thresholds  in  man .  Nonetheless ,  we  have  at  least  proceeded  to  augment  the  range 
testing  with  laboratory  procedures  and  we  have  given  them  a  seat  ranking  procedure,  and  that  ia  our  status  of 
physiological  assessment  in  the  Navy .  Despite  the  widely  disparate  circumstances  of  these  tests  and  the  scats,  we 
are  abie  to  get  good  repeatable  response  by  the  careful  uae  of  currently  available  dummies  and  test  standards.  In 
the  head-neck  area,  based  on  man  and  animal  experiments,  we  beiieve  that  you  must  know  the  initial  conditions 
and  the  entire  responae  of  the  head- neck  system  in  terms  of  both  its  linear  and  anguiar  acceleration  to  in  any 
way  be  abie  to  successfully  compare  data  or  to  successfully  attribute  physiological  or  anatomical  structural  changes 
based  on  the  data. 

DR.  VON  GIERKE  (USA)  COMMENT  ON  DR.  THOMAS’  FILM 

We  should  aii  note  the  potential  for  projectile  injury  with  the  various  fragments  you  aaw  floating  around  in  the 
film.  In  thcae  ejections,  what  you  saw  ia  why  we  are  iooking  with  some  doubt  about  through-the-canopy  ejections 
because  we  have  no  traumatic  injury  modei  for  this  kind  of  explosion. 

DR  .  THOMAS  (USA) 

We  become  involved  in  round-robin  discuasiona  aa  to  whether  you  would  rather  break  your  neck  or  cut  I 

your  noae  off.  It  is  a  very  aerioua  problem. 

DR.  VON  GIERKE  (USA)  COMMENT 

in  any  event.  1  think  that  we  need  a  proper  model  for  getting  a  good  probability  assessment  of  this  injury  mode. 
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ROUND  TABLE  DISCUSSION  * 

Chairman:  Dr .  H  .E .  von  Gierke,  US  Air  Force  Aeromedical  Research  Laboratory,  Dayton,  OH  45433 
Members:  Professor  Dr.  Bier,  Forensic  Institute,  University  of  Munich,  Munich  2,  FRG 
Dr.  D.  J.  Thomas.  Naval  Biodynamics  Laboratory,  New  Orleans,  LA  70189 
Mr .  E  .  Franchini ,  FIAT  Automobiles ,  Turin  ,  Italy 

Mr.  B.  Carnell,  Sikorsky  Aircraft  Corporation,  Stratford,  Connecticut  06602 
DR.  VON  GIERKE  (USA)  INTRODUCTION: 

For  this  round  table  discussion.  I've  taken  the  liberty  to  summarize  what  1  consider  the  major  accomplishments 
of  this  meeting.  Taking  as  a  baseline,  the  Oporto  meeting  held  11  years  ago,  the  first  obvious  point  is  that  progress 
in  automotive  crash  protection  has  improved  tremendously  as  evidenced  by  government  programs,  regulations, 
and  industry  efforts  to  promote  this  area  and  to  establish  a  real  international  program.  We  had  more  papers  which 
were  either  sponsored  or  specifically  aimed  at  automotive  crash  research  and  fewer  papers  on  general  aviation  and 
military  impact  injuries.  As  usual,  this  change  in  events  has  its  good  and  bad  points.  The  second  point  obvious 
to  me,  is  that  we  had  fewer  summary  and  review  papers;  we  covered  the  area  with  specific  study  results  and  data 
presentations  which  again,  has  its  good  points  and  bad  points.  Test  facilities  and  blast  injuries  were  covered  in 
CP  88-71 ,  but  were  le.i  out  at  this  conference  with  the  exception  of  the  armor  papers.  1  don't  think  this  was  due  to 
the  research  net  being  done,  but  1  think  most  of  us  were  invited  or  encouraged  to  do  a  paper  on  the  five  session 
topics.  Note  that  this  morning,  we  had  some  very  interesting  presentations  on  body  armor  and  protection  against 
projectiles  and  vv  had  no  papers  on  projectile  injuries  or  wound  ballistics . 

As  seen  in  Table  R-l  under  Injury  Mechanisms,  there  was  progress  on  head-neck  injury  definition  and  definition 
of  concussions  as  noted  in  several  papers.  On  the  other  hand,  it  is  clear  that  we  did  not  get  any  presentations  on  a 
practical  head-neck  impact  injury  prediction  method,  or  even  numerical  quantitative  assessment  methods  of  the 
injury  potential  of  particular  impacts.  We  saw  excellent  detailed  work  on  concussions  and  brain  injuries  in  baboons 
which  c’  .-ifiea  the  various  injury  mechanisms  in  general;  however,  it  appears  that  we  atill  have  a  long  way  to  go, 
a  lot  of  research  to  be  done,  to  establish  baboon-to-human  scaling  laws.  1  don't  know  how  much  is  already  in  prepara 
tion.  1  only  know  that  we  worked  for  quite  a  while  on  the  scaling  of  the  spine  between  baboon  and  man  (as  heard 
in  paper  number  1)  and  the  spine  is  still  simplier  than  the  skull  and  the  neck. 

On  spinal  injury  prediction.  1  think  we  made  considerable  progress,  and  1  am  very  optimistic  about  what  we 
can  do  with  the  verified  head-spine  model  which  Dr.  Privitzer  presented  (paper  number  30) ,  and  we  are  pretty 
far  along  in  scaling  the  animal  data  to  man  and  validating  the  model  with  human  data.  However,  at  the  Oporto 
meeting  (CP88-71) .  we  for  the  first  time,  presented  the  Dynamic  Response  Index  (DR1)  aa  a  simplified  method 
tor  predicting  injury  from  emergency  escape  accelerations ,  and  this  has  been  standardized  in  various  countries 
and  has  been  accepted  ns  a  military  specification  for  systems  design  in  the  United  States  and  in  other  countries, 
but  wc  realize  Its  shortcomings.  We  huve  promised  that  we  would  improve  the  DR1  assessment  method.  We  hope 
that  the  improvement  wiii  grow  out  of  the  spinal  injury  model,  but  wc  haven't  presented  a  Design  Guide  yet  to 
make  use  of  the  very  much  refined  and  improved  technology  which  has  evolved  over  the  last  10  years.  In  model¬ 
ing  technology,  with  respect  to  kinematic  models,  like  the  Netherlands  (MADYMO)  and  the  United  States  ATB  models, 
these  models  are  very  nicely  advanced  and  have  definite  areas  of  applicability.  In  the  future,  we  need  to  standardize 
one  particular  version  or.  at  least  clarify  the  joint  resistance,  the  joint  dynamic  qualities .  etc.  .in  the  model  so  that 
when  it  is  used,  it  is  the  same  model  in  different  services  and  in  different  countries .  This  is  a  very  fruitful  area  for 
future  standardization.  In  accident  injury  investigation.  1  think  wc  all  agree  that  standard  methods  are  desirable 
and  some  international  pathology  committees  have  actually  made  recommendations,  but  we  arc  still  far  from 
genorei  Mccepiaiyo  of  mi-'hinl  Another  point  which  1  think  was  made  at  the  Oportn  meeting  (CP68-71)  is  that 
wc  use  multidisciplinary  accident  investigation  teams,  but  little  progress  has  been  made.  In  many  cases,  we  do  have 
specialized  aviation  pathologists  conducting  autopsies,  but  we  don’t  have  biodynamic  experts  involved  in  the 
evaluation  of  all  accidents 


We  heard  the  paper  m  the  km*  teem,  sequelae  in  the  baboon's  spinal  injuries  and  the  ctmseqaences  of  what  »t 
consider  sub  injury .  sub -tolerance,  sub-critical  tolerance  exposure  of  baboons,  and  that  after  a  year,  or  five 
years,  they  can  develop  into  real  traumatic  diseases.  The  question  was  posed  at  the  meeting,  and  1  guess  this 
deserves  further  study,  hew  much  could  be  benefited  from  longitudinal  studies  in  this  area,  and  what  is  the  risk/ 
benefit  In  doing  such  studies? 

I  was  personally  very  Impressed  by  the  microtrauma  techniques  which  are  apparently  being  used  now  in 
cerebral  concussion  injury  research  and  1  think  this  is  an  area  which  is  new  and  which  appears  very  fruitful  and 
should  be  emphasized  in  future  research. 


•EDITOR'S  NOTE-  The  statements  of  the  speakers  have  be.'n  typed  from  the  taped  recordings  and  edited  to  Improve  the 
clarity;  hopefully,  the  text  conveys  the  original  ldea(s) . 
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In  the  protection  area  as  shown  in  Table  R-2,  1  think  the  biggest  progress  since  Oporto  (CP88-71)  is  really  the 
crashworthiness  design  of  helicopters,  and  1  guess  these  principles  deserve  partial  application  in  other  types  of 
aircraft  and  should  probably  extend  to  crashworthiness  of  the  overall  system,  ineluding  man  and  his  protection. 

The  application  of  the  energy  absorption  EA  principle  in  erashworthy  design  was  very  nicely  demonstrated  by  several 
papers  and  1  think  this  is  technologically  one  of  the  biggest  projects  in  the  area.  Similarly,  inflatable  body  and  head 
restraint  systems  (1BAHRS) ,  as  restraint  systems  presented  in  paper  number  21  and  the  Mercedes-Benz  inflatable  bag 
(paper  number  26)  both  appear  to  offer  improved  restraint,  but  there  is  still  hesitation  in  many  quarters  to  accept 
air  bag  and  inflatable  restraint  technology  as  a  practical  and  economical  means  of  restraint.  1  can  only  repeat  that 
when  we  did  the  live  human  studies  with  air  bags  with  the  Department  of  Transportation,  their  effectiveness  was 
absolutely  fantastic  and  impressive.  If  there  wasn't  the  constant  doubt  about  reliability  and  cost,  1  think  the  bags 
would  be  very  effective  crash  protection  for  many  applications.  By  the  way,  in  the  joint  USAF-DOT  sled  studies 
human  subjects"impacting"  a  soft  air  bag  sustained  H1C  values  well  over  1000  and  perceived  it  as  very  mild  rebound! 
So  it  clearly  demonstrates  to  us,  that  the  Head  Injury  Criteria  (H1C)  for  this  kind  of  impact  into  a  soft,  slow -respond¬ 
ing  cushion  is  absolutely  wrong. 

We  heard  yesterday  (paper  number  31)  on  dynamic  or  inertial  pre-load  as  a  protective  mechanism  in  crash  and 
impaet  protection.  This  is  a  very  exciting  possibility  which  certainly  deserves  further  study  for  applications  in 
horizontal  crashes  as  well  as  for  the  ejection  exposure. 

In  general,  there  was  mueh  less  discussion  controversy  and  hostility  between  modelers,  theoretical  people, 
experimental  people  and  clinicians.  In  this  meeting,  1  had  the  feeling  that  we  were  all  more  or  less  united,  and 
we  all  knew  what  we  were  talking  about,  so  as  a  general  interdisciplinary  field,  the  area  has  certainly  matured 
more  over  the  last  decade.  As  seen  in  Table  R-3,  a  better  automotive  dummy  for  automotive  crash  research  was 
developed.  Nonetheless,  since  our  main  emphasis  and  specialty  is  on  aviation,  1  must  say  that  the  automotive 
erash  dummy  doesn't  solve  our  problems  in  aviation  impact  research.  Wc  need,  at  this  point,  primarily  an 
inertial  response  dummy  which  doesn't  have  to  look  like  an  anthropomorphic  dummy  but  it  has  to  simulate  the 
dynamic  load  of  the  human  occupant  on  ejection  seats  and  similar  devices.  In  the  long  run,  of  course,  we  need 
an  automotive  and  an  aviation  injury  assessment  dummy ,  but  one  has  to  keep  these  different  types  of  dummies 
separate, (This  is  my  personal  opinion;  We  will  not  solve  thia  dummy  question  with  one  dummy  because  it  will  be 
so  expensive  that  we  cannot  afford  it.)  We  need  to  aim  at  several  subcategories  of  dummies,  perhaps  an  anthropo¬ 
metric  dummy  as  we  have  used  in  the  past,  an  inertial  response  dummy ,  and  an  injury  assessment  dummy.  The 
injury  assessment  dummy  might  be  subdivided  into  several  injury  assessment  dummies ,  because  for  some  situations 
we  are  exposing  the  spinal  column  to  above  critical  loads  end  probably  wouldn't  need  detailed  head  injury  aaseasment. 
It  just  wouldn't  be  cost  effective  to  produce  all  the  desired  features  in  one  dummy.  We  have  to  make  up  our  mind  what 
particular  dummies  wc  need,  and  then  try  to  accomplish  this  goal.  In  so.ne  respects,  it  was  almoat  beneficial  that  we 
had  no  discussions  this  time  about  facilities.  Many  of  us  now  have  excellent  facilities  for  craah  reaearch  in  vertical 
and  horizontal  devices.  Moat  countries  now  have  test  facilities  and  there  are  no  big  argumenta  about  instrumentation. 

1  think  maturity  technology  can  be  applied  to  some  facilities  if  the  funding  is  available,  but  personally,  1  think  with 
intensive  use  of  existing  facilities ,  we  have  enough  capability  for  all  countriea  represented .  May  1  note  that  aa  wc 
end  the  year,  wc  have  another  AGARDO  graph  being  published  to  update  test  facility  capability. 

Referring  to  the  Tables,  note  that  little  discussion  occurred  on  how  biologies!  results  were  measured. 

I  think  wc  have  a  much  more  refined  method  and  technology  and  better  standardized  inatrumcnation  requirements . 
although  some  of  these  standards  are  based  on  automotive  standards ,  and  may  not  be  the  beat  for  aviation 
applications.  In  connection  with  improved  accident  and  experimental  data,  I  think  there  Is  a  need  of  making  all 
of  this  data  available  to  all  potential  users  by  depository  in  biodynamic  data  banka.  Several  data  banks  in  the  vurious 
countries  would  be  uceessiblc  to  all  of  us  and  would  have  at  least  to  some  extent  standardized  formats  so  that  da  a 
could  be  eomputer-retrieved  and  analyzed .  There  is  a  report  available  by  the  US  Academy  of  Sciences  on  the 
feasibility  of  a  national  biodynamic  data  bank  which  discusses  some  of  the  problems  in  executing  this. 

Progress  in  body  armor  des'gn  and  the  eost  effeetivenss  of  body  armor  was  diseussed  ns  shown  in  fig.  R-3. 

Not  enough  material  was  presented  on  protective  armor  trauma  (trauma  caused  by  the  protective  device) .  Although 
paper  number  36  did  discuss  this  item  in  general  terms.  How  to  get  the  man  out  of  the  armor  in  post-crash 
emergencies  and  how  to  restrain  the  armor  during  crashes  and  in  routine  iperationa  are  topics  worthy  of 
more  study.  In  other  words  we  should  make  an  effort  to  design  the  systems  more  "trauma  worthy"  in  an  overall 
context. 

One  area  not  covered  at  all,  but  in  which  we  have  made  some  progress  is  wind  hlast  impact  effects  caused  by 
ejection  systems  in  high  speed  aircraft.  Some  progress  has  been  made,  but  we  are  still  far  from  the  goal  of  an 
ejection  system  which  will  provide  wind  blast  protection  up  to  1600  Q  dynamic  pressure.  Thia  concludes  my 
summary. 

DR.  BIER  (GE) 

My  background  is  in  automotive  accident  research.  We've  done  some  studies  on  injuries  of  belted  occupants  and 
injuries  of  motorcyclists.  This  prompts  me  to  state  another  point  of  view  .  Currently  in  the  Munich  area,  we  conduct 
about  2000  autopsies  per  year  at  the  forensic  instituti?.  About  601  of  these  are  road  accident  victims.  In  German  road 
accidents,  we  have  about  6,500  killed  and  73,000  hospitalized  annually.  1  think  this  number  could  be  reduced.  In 
the  area  of  West  Germany ,  we  did  a  study  yet  unpublished  and  found  that  in  ear  occupants  the  safety  belt  usage  rates 
are  between  44%  and  70  -  80%  and  about  4000  occupants  are  saved  annually  due  to  use  of  the  three-point  restraint 
system  and  about  60,000  prevented  from  being  hospitalized;  thia  is  a  measure  of  the  effectiveness  of  current  crash- 
worthiness  features .  The  potential  is  about  3,000  which  could  be  saved  if  everyone  used  the  available  restraint 
systems ,  and  about  48 ,000  would  not  be  hospitalized .  The  unpublished  study  showed  that  the  reduction  of  injuries 
is  mainly  due  to  the  restraint  system,  but  the  reduction  in  fatalities  is  also  due  to  other  safety  measures. 
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For  future  design,  we  are  aiming  at  an  optimized  vehicle  deceleration,  we  must  strengthen  the  vehicle's  weak 
point  in  order  to  increase  the  G  value  for  safe  deceleration.  For  example,  in  frontal  car  crashes  there  are  practically 
no  life  threatening  injuries  to  the  thorax  as  long  as  the  protective  structure  remains  preserved .  Our  aim  must  be  to 
preserve  the  passenger  car  compartment  at  even  higher  impact  velocities,  but  there  are  certain  restrictions  involved. 
We  must  not  raise  the  g  value  beyond  the  known  human  tolerance;  however,  the  exact  value  of  human  tolerance, 
considering  head/neck  inertial  loads  is  not  known.  So.  what  protection  measure  would  best  improve  human  tolerance 
to  foward  g  loads? 

Usability  of  Existing  Impact  Data:  Human  tolerance  limits  are  too  closely  related  and  in  most  cases  restricted  to 
the  various  specific  mechanisms  studied  in  the  laboratory  .  For  future  research  in  the  short-term,  the  most  frequent 
injury  mechanise.^,  should  be  found  and  very  specific  tolerance  levels  for  those  mechanisms  established.  This 
will  enable  counter  measures  to  be  put  forward  quickly  and  assist  in  the  validation  of  models  which  are  in  progress. 
In  the  long-term  the  development  of  more  sophisticated  models  should  be  continued;  basic  physical  (human  tolerance; 
data  acquired  including  the  tolerance  of  body  elements.  As  to  data  needed  in  future  research,  input  data  tor 
models  must  cover  the  whole  variety  of  injury  mechanisms.  In  addition,  laboratory  data  must  be  extrapolated  from 
the  tolerable  up  to  and  beyond  the  tolerance  limits. 

In  closing,  a  question,  "What  can  road  accident  research  contribute  to  the  field?"  This  research  can  establish 
data  on  the  most  important  injuries,  with  respect  to  number  as  well  as  to  severity.  However,  a  considerable  amount 
has  been  done  in  this  field  already ,  and  1  think  efforts  might  be  reduced;  however,  road  research  to  evaluate 
impact  safety  measures  should  be  continued.  Special  care  must  be  taken  with  respect  to  the  integrity  of  the  methods 
applied  and  standard  methods  are  necessary.  And  last,  but  not  least,  in-depth  case  studies  should  be  continued  to 
validate  laboratory  date;  this  requires  collaboration  of  pathologists  at  the  scene,  scientists  in  the  human/animal 
test  laboratories  and  mathematicians  at  the  computer  to  develop  the  models. 

DR.  THOMAS  (USA) 

Let  us  look  at  the  problem  of  impact-caused  death  and  mortality  from  the  point  of  view  of  public  health.  The 
history  of  public  health,  the  enormous  triumphs  and  the  reduction  of  death  and  communicable  disease  were  accom¬ 
plished  around  the  turn  of  the  century.  We  are  still  controlling  infectious  diseases  at  enormous  research  costs; 
however,  the  one  major  epidemic  left  in  the  young  adult  population  is  traumatic  death.  A  recent  article  by 
Hartunian,  et  al,  in  the  American  Journal  of  Public  Health,  entitled  "The  Incidence  arid  Economic  Costs  of  Cancer, 
Motor  Vehicle  Injuries.  Coronary  Heart  Disease  and  Stroke:  A  Comparative  Analysis,  "  ahows  that<  in  the  United 
States, cancer  is  the  most  expensive  disease  in  terms  of  disability  and  treatment  costs,  but  the  cost  of  motor  vehicle 
injuries  exceeds  either  coronary  heart  disease  or  stroke!  There  are  about  SO  people  in  this  room .  If  we  were  having 
an  international  symposium  dealing  with  the  mechanisms,  costs  and  research  of  either  cancer  or  coronary  disease, 

I  am  quite  sure  this  room  would  not  provide  enough  seats! 


The  number  of  facilities,  internationally,  currently  involved  in  the  experimental  approach  to  understanding  the 
mechanisms  of  impact  injury  may  .  ery  well  never  get  to  the  Bnswer,  because  there  are  far  too  few  of  them  and  far 
too  few  investigators.  Each  of  the  investigators  are  involved  in  areas  where  they  have  specific  skills  and  specific 
knowledge.  In  terms  of  the  aize  and  the  acope  of  the  problem,  I  am  not  sure  we  will  ever  get  there.  If  we  as  an 
organization  don't  succeed  in  getting  th*s  point  of  view  Bcroas,  the  resources  to  continue  this  aort  of  research 
.nay  simply  disappear.  I"  the  United  States  Navy,  we  have  tried  to  take  a  highly  specific  and  directed  approach: 
to  eventually  develop  an  inertial  response  dummy  .  All  of  our  efforts  and  all  of  our  resources  have  been  directed 
to  that  goal.  Our  program  .vua  conceived  in  1970,  baaed  on  very  preliminary  work  done  in  conjunction  with  the 
United  States  Army  and  Wayne  State  University.  In  1975,  the  initial  sled  runs  with  volunteers  began  at  the  United 
States  Navy  facility  at  New  Orlesns,  Louisiana. 

EDITOR'S  NOTE: 

Dr.  Thomaa  monitored  a  series  of  films  ahowing  the  relative  movement  of  the  head  snd  neck  at  15g  (forward) 
impact  and  7g  (sideward)  impacts.  The  purpose  of  the  films  waa  to  illustrate  the  inertial  response  of  the  head 
relative  to  the  first  thorscic  vertebral  body  under  circumstances  where  there  ia  no  restraint  acting  on  either  the 
hesd  or  neck.  Dr.  Thomas  emphasized  in  the  monitoring  of  the  films  that  high  onset- long  duration,  low  onset-long 
duration,  and  high  onaet-ahor!  duration  pulses  were  applied  to  the  restrained  volunteers.  He  emphasized  that  the 
head  and  neck  mechanical  response  were  different  dependent  on  the  use  of  forward  (gx)  or  sideward  (gy)  pulsea . 
DR.  THOMAS  (USA)  CONTINUES 

The  mechanical  response  of  the  human  volunteers  is  enormously  important  from  the  point  of  view  of  modeling 
and  construction  of  s  dummy .  The  volunteers  show  fundamentri  rechr r.ical  aimplicities  within  the  human  struc¬ 
ture,  an  intrinsic  dynamic  property  . 

We  pian  to  continue  the  volunteer  response  work  for  different  vectors  at  different  levels,  and  to  continue  it 
to  find  the  head  response  to  the  first  thorseic  vertebral  body  ,  then  the  first  thoracic  vertebral  body  relative  to 
the  pelvis.  The  response  data  will  be  used  as  the  mechanical  criteria  for  the  inertial  fidelity  needed  in  the  con¬ 
struction  of  models  which  in  turn  will  be  used  for  engineering  specifications  for  the  construction  of  anthropomor¬ 
phic  dummies . 

The  next  problem  Is  the  threshold  response.  Paper  number  14  discusses  the  rhesus  monkey  and  his  response 
to  -x  impact  acceleration:  there  Is  a  suspicion  from  this  data  that  there  is  a  threshold  for  the  interruption  of  the 
transmission  of  neurophysiological  signals  through  the  central  nervous  system  of  the  animal.  This  is  important, 
because  with  further  analysis ,  if  we  find  promontory  evidence  of  disruption  st  very  iow  ievela,  in  the  area  of 
physiological  change ,  this  may  be  used  as  s  direct  comparison  between  animal  response  and  human  subject  ex¬ 
perimentation  . 
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If  you  continue  to  expose  the  rhesus  monkey  to  -x  acceleration  to  higher  and  higher  levels  of  -g  (forward) 
acceleration,  you  will  invariably  get  head-neck  junctional  injuries.  Three  different  types  of  injuries  occur: 
atlanto-occipital  separation,  Cl  and  C2  separation  and  a  basilar  skull  fracture.  Our  best  presumption  as  to  the 
mechanism  of  the  basilar  fracture,  is  that  the  basilar-sphenoid  junction  is  not  closed  in  the  rhesus  so  that  an 
instability  exists  right  in  front  of  the  foramen -magnum  and  this  can  lead  to  a  pull-out  fracture 

FRANCH1N1  (IT) 

This  is  a  panoramic  view  of  significant  problems  in  automotive  safety  as  related  to  crashworthiness .  Crash 
safety  can  be  divided  into  three  main  areas:  Biomechanics ,  Dummies  and  Evaluation  tests  as  shown  in  Fig.  R4. 

Each  area  is  discussed . 

I.  Biomechanics:  We  have  similar  injury  definition  problems  in  automotive  and  aviation  crashes. 

II.  Dummies:  An  omni-directional,  reliable  dummy  is  needed.  Today's  dummies  are  designed  for  longitudinal 
impact  and  are  absolutely  bad  for  side  impact .  It's  clear  that  a  dummy  for  the  longitudinal  impact  and  another 
dummy  for  the  side  impact  is  a  nonsense,  because  the  man  is  always  the  same.  Suppose  you  have  an  oblique 
collision  test;  which  type  of  dummy  should  you  use?  The  longitudinal  type  or  the  side  type?  Perhaps  you  must 
ask  the  driver  to  have  a  front  collision  but  not  a  side  collision!  What  parameters  are  to  be  measured  on  the  dummy? 
What  do  your  dummy  measurements  mean  in  regard  to  human  tolerance?  The  situation  today  is  that  an  individual 
dummy  made  from  a  manufacturer  and  another  made  from  another  manufacturer  do  not  agree  on  the  level  of  impact 
required  to  cause  an  "injury."  This  is  another  nonsense. 

Automotive  Crashworthiness 

Biomechancis:  a.  Critical  collision  types  from  accident  analysis 

b.  Causes  of  injury  in  hitmans  (How  do  we  measure  injury  severity?) 

Determination  of  injury  causes  is  a  universal  problem . 

c.  Human  tolerance  criteria  not  defined  completely 

Dummies:  a.  Correlation  of  tolerance  threshold  criteria  to  instrumentation  criteria 

b.  Standard  Instrumentation  (Measurements) 

c.  Omni-directional  impact,  reliability 

Evaluation  Tests: 

a.  Standardization  of  types  of  car  collisions 

b.  Admissible  "injury"  levels  for  dummies  in  evaluation  tests 
Figure  R  4.  Automotive  Crashworthiness  Factors 

111.  Evaluation  Tests:  a.  Car  Collision  Test  Types  with  Dummies:  You  select  the  most  important  type  of 
collision  based  on  the  frequency  of  the  collision  and  the  level  of  severity .  You  must  define  a  test  that  can 
simulate  this  type  of  collision.  You  must  put  a  dummy  on  board  and  you  must  know  what  you  must  measure  in 
this  dummy  to  correlate  with  actual  human  tolerance:  b.  Admissible  "Injury"  Levels  for  Dummies:  First  you  know 
from  biomechanics  the  tolerance  levels  in  humans  and  you  have  maae  the  correlation  between  humans  and  dummies. 
Now  you  know  what  level  you  can  admit  as  maximum  in  the  test  with  a  dummy . 

In  closing,  1  wish  to  comment  on  a  statement  made  by  Wing  Cdr.  Glaister  in  his  technical  evaluation  of  the 
Oporto  l  inear  Acceleration  (AOARD  CP88-7I)  meeting  to  the  effect  that  crashworthiness  weigh!  penalties  were 
less  important  in  automobile  design.  This  statement  was  correct  10  years  ago,  but  not  today;  the  car  manufacturer 
today  considers  the  reduction  of  weight  as  a  major  problem.  Reduction  of  weight  means  two  things:  first,  reduction 
of  cost  and  second ,  reduction  of  fuel  consumption;  thus ,  we  limit  the  energy  waste.  One  other  comment,  10  years 
ago,  when  you  had  a  safety  problem,  you  concentrated,  you  suggested  modifications,  you  evaluated  the  modification, 
and  after  that  you  started  production.  Today,  when  you  have  a  safety  problem,  you  concentrate  and  ask  yourself, 
how  much  0081'  and  how  much  weight’  Today ,  we  must  combine  the  safety  requirements  of  cost  and  fuel  consump¬ 
tion.  So,  in  this,  the  past  10  years  has  completely  changed  automotive  safety  design  and  evaluation. 

MR.  CARNELL  (USA) 

Permit  me  a  general  observation  on  the  summaries  presented  thus  far.  All  of  our  work  is  directed  towards  increas¬ 
ing  the  safety  of  occupants  in  automobile  and  aircraft  accidents ,  but  how  can  we  measure  the  improvement  or  in¬ 
crease  in  safety?  To  measure  the  improvement,  we  must  know  where  we  are  at  the  present  time;  we  must  know  the 
injury  and  vehicle  damage  statistics  in  a  rather  well  defined  way .  Moat  of  the  injury  data  I've  seen  from  accidents 
has  not  been  correlated,  as  yet,  with  damage  severity.  For  example,  you  And  a  whole  "lump"  of  data  related  to 
vertical  impact  speeds  of  helicopters ,  but  no  definition  of  when  and  where  the  injuries  occurred .  I  suspect  that 
the  automobile  field  has  the  same  problem.  So,  we  really  must  have  injury  versus  impact  severity  data  to  be  able 
to  measure  where  we  are  to  provide  the  reference  point . 
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As  far  as  design  features  to  improve  crash  safety ,  it  seems  that  we  are  well  along  the  way  to  incorporating 
those  into  automobiles  and  helicopters .  1  have  not  yet  seen  any  real  effort  done  to  put  such  improvements  into 
light  aircraft  and  we  would  certainly  hope  to  see  more  crashworthiness  in  general  aviation  and  much  larg'  ~ 
transport  aircraft.  In  the  United  States,  regulations  are  not  yet  formulated  to  require  significant  crashworthy 
features  in  fixed  wing  commercial  aircraft.  Past  history  and  my  experience  indicate  that  aircraft  specifications, 
must  include  crashworthy  criteria,  otherwise  crashworthy  features  do  not  get  incorporated  into  the  design  and 
don't  get  the  emphasis  they  should . 

if  we  are  going  to  measure  safety  improvements  ,  we  do  need  statistical  surveys  to  measure  it.  We  need  systems 
that  can  tell  us  the  impact  severity  of  each  crash.  In  the  United  States,  the  Airborne  Information  Retrieval  System, 
currently  under  development  will  hopefully  provide  data  on  how  severe  a  crash  is  and  indeed  whether  it  exceeds 
to  any  degree  the  "crash"  capability  of  the  aircraft.  The  crashworthiness  capability  of  most  new  "crashworthy" 
aircraft  has  not  yet  been  evaluated  by  actual  crash .  Some  work  has  been  done .  Much  more  needs  to  be  done . 

The  change  over  in  materials  from  metallic  to  composite  structures  is  going  to  cause  a  significant  change  in  the 
type  of  structural  damage  and  breakup  in  crashes .  We  are  going  to  have  to  be  very  careful  as  to  how  we  qualify 
such  change  over  in  aircraft  structures . 

Data  is  going  to  be  needed  to  measure  cost  effectiveness  because  we  are  going  to  have  to  measure  how  many 
fatalities  and  how  many  injuries  we  have  saved .  The  only  real  way  to  get  crashworthiness  accepted  as  a  discipline 
is  to  show  that  it  does  pay  its  own  way .  lt'a  very  difficult  to  put  a  price  on  a  human  life,  but  unfortunately,  it  be¬ 
comes  necessary  to  do  that  to  convince  program  managers  and  others  who  control  the  funding  for  new  aircraft  designs. 
1  have  no  doubt  that  even  with  just  a  normal  low  estimate  of  the  value  of  human  life  that  crashworthiness  is  going 
to  prove  to  be  extremely  beneficial. 

As  far  as  recommendations  to  improve  safety ,  1  think  studies  to  define  safe  operating  limits  of  aircraft  and 
automobiles  are  needed;  we  have  some  Idea  of  what  they  are  without  safety  features  1  think  we  need  to  do  some 
studies  to  find  out  what  safe  operating  speeds  might  be  for  fully-equipped  safety  cars.  Although  we  have  built-in 
a  much  greater  degree  of  crashworthiness  in  new  helicopters ,  the  operational  capabilities  have  increased  to  the 
point  where  we  are  going  to  be  making  full  use  of  that  crashworthiness;  we  must  continually  review  the  need  for 
increased  crashworthiness  limits . 


I  think  we  shall  aee  escape  systems  applied  to  helicopters.  Wirccutters  are  going  to  have  to  be  installed  because 
of  the  wire  strike  potential  of  low  flight  at  night,  which  ia  becoming  a  routine  operational  procedure.  Many  helicopters 
are  flying  over  water  and  floatation  systems  and  emergency  underwater  escape  systems  are  all  going  to  become  of 
very  great  value.  I  have  been  impressed  by  the  presentations  here  this  week.  I  think  we  have  come  a  long  way  in 
looking  at  impact  problems,  but  I  think  we  have  a  long  way  to  go.  1  appreciate  the  opportunity  of  participating  in 
this  meeting. 

DR.  VON  GIERKE  REQUESTED  QUESTIONS  FROM  THE  AUDIENCE . 

DR.  WARD  (USA) 

You  aaid  that  you  did  not  notice  any  disagreement  between  people  doing  experiments  and  thos»  doing  modeling. 

I’d  like  to  point  out  to  you  that  the  modelers  are  almost  extinct!  When  I  aturted  modeling,  there  were  probably  10 
other  people  doing  head  injury  models.  Today,  1  am  probably  the  only  head  injury  modeler  anywhere  and  the  same 
may  be  true  in  the  body  as  well.  To  my  knowledge  there  are  only  2  thorax  modelers.  1  think  this  is  deplorable 
and  will  certainly  afreet  progress  in  the  coming  yeara.  It  ian’t  because  the  modelers  that  still  exist  sre  great.  1 
think  it  is  because  of  financisl  considerations.  We  hsve  grand  testing  facilities  now.  They  represent  a  lot  of  money 
and  thev  rooresent  a  lot  of  money  to  keep  them  going.  The  modelers  have  suffered  as  s  result  and  I  think  it'a 
sad  that  lt'a  going  to  impede  the  development  of  a  new  dummy  because  everything  will  have  to  be  done  on  a  trial 
and  error  basis . 


DR.  VON  GIERKE  (USA) 

I  agree  with  you  psrtially.  Dr.  Thomas  has  stated  that,  in  general,  thla  field  doesn't  get  enough  support  and 
does  not  have  enough  people  working  in  it .  This  is  not  restricted  to  just  the  modelers . 


FRISCH  (USA) 


1  think  it  is  pretty  safe  to  say  that  mathematical  modeling  has  by  far  outstripped  the  availability  of  an  adequate 
data  base  against  which  these  models  can  be  ranked ,  tested  and  evaluated .  Modeling  has  in  fact  been  effectively 
used  certainly  within  the  Nsvy .  to  evaluate  existing  systems.  1  think  we  have  been  very  effective  in  looking  at 
some  minor  problems  in  the  F-1S  and  AVID;  that  coupled  with  a  lot  of  other  work  involved  has  led  to  redesigns 
which  otherwise  would  not  have  been  possible.  The  problem  still  ia  data!  Whether  experimental  or  teat  data,  it 
ia  either  insufficient  or  Inappropriate;  this  was  the  basic  thrust  of  my  presentation.  No  matter  which  model  ia  involved 
a  well  defined  input  is  necked;  unfortunately .  you  cannot  use  dummy  response,  which  la  in  fact  an  output,  as  an 
input  to  a  model .  It  just  doesn't  work  that  way!  Unless  an  adequate  data  base  ia  generated  in  the  relatively  near 
future .  we  will  be  limited  to  doing  sensitivity  analysis  and  their  application  to  actual  application  of  systems  or 
processes  ia  going  to  be  limited . 
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My  other  comment  relates  to  dummy  development.  Again,  the  various  dummies  are  going  to  be  very  specific 
to  the  application.  Ejection  systems  will  require  not  only  the  development  of  a  better  dummy  but  also  the 
development  of  accurate  instrumentation  packages.  You  can't  throw  a  dummy  into  near-sonic  winds  and  have 
it  hard  wired  back  to  the  ground.  Transmission  of  the  data  back  to  the  receiving  station  implies  calibration  head¬ 
aches  .  It  also  implies  the  problem  of  -.  re  to  locate  the  package:  the  more  sophisticated  the  model ,  more  joints 
and  articulations,  the  smaller  the  volu.:  available  to  locate  the  instrumentation.  The  problem  is  not  in  the  sensors, 
but  in  the  telemetry  packages .  1  see  absolutely  no  work  being  done  in  this  area  and  if  someone  gave  the  best 
dummy  in  the  world  tomorrow  .  1  couldn't  use  it  or  certainly  1  could  only  use  it  in  very  limited  applications. 

DR.  VON  GlEnKE  (USA) 

Just  one  response  to  your  first  question  about  data.  I  think  the  ratio  of  appropriate  to  inappropriate  data 
has  increased  showing  some  progress .  1  think  this  progress  hi  s  occurred  primarily  from  the  fact  that  modelers 
are  working  closer  with  experimental  people;  some  modelers  even  get  their  hands  dirty  from  time  to  time!  1  think 
only  in  this  way  have  we  been  able  to  get  more  appropriate  data  with  which  to  establish  and  validate  better  models. 

(UNKNOWN  QUESTIONER  TO  MR.  CARNELL) 

1  feel  that  not  enough  people  who  could  look  for  the  accident  input  data  are  involved  in  the  on-the-scene 
accident  investigation.  The  study  of  the  input  data  for  an  accident  must  start  immediately  after  the  event  happens. 

So  if  you  wait  several  hours  or  maybe  several  days ,  you  cannot  see  all  that  you  have  to  see  to  find  out  what 
happened  in  this  accident.  You  have  to  look  at  the  accident  place,  the  accident  car,  and  this  should  be  done  as 
quickly  as  possible  and  coordinated  with  the  medical  doctor.  So  we  must  determine  how  to  get  enough  people  looking 
for  the  accident  input  data  and  to  analyze  the  accident  very  properly. 

UR.  VON  GIERKE  (USA)  RESPONSE  TO  UNKNOWN  QUESTIONER 

This  is  a  very  good  point,  similar  to  the  point  1  tried  to  make  with  respect  to  aircraft  accidents  when  1  said 
we  made  recommendations  sometime  ago  to  field  multidisciplined  accident  investigation  teams  to  look  at  accidents. 
Currently ,  a  lot  of  effort  is  expended  later .  much  later ,  in  analyzing  inadequate  accident  data .  Speculations 
don't  help  really  to  establish  what  has  happened  in  an  accident. 

NEWMAN  (CA)  QUESTION 

My  question  is  based  upon  remarks  made  by  Dr.  Franchini  and  Dr.  Thomas  concerning  what  parameters  does  or.e 
use  to  establish  tolerance  limits.  Dr.  Franchini  used  examples  of  acceleration,  deformation,  force,  pressure,  etc. 
Please  consider  the  following  hypothetical  situation  that  perhaps  is  not  too  far  from  the  truth .  If  a  rhesus  monkey 
were  to  undergo  a  change  of  acceleration  of  500  g  and  sustain  a  concussion,  and  yet  a  human  being  were  to  undergo 
200  g  and  sustain  u  concussion,  would  that  mean  the  monkey  is  more  tolerant  to  impact?  To  elaborate  a  little 
further  then ,  since  this  may  sound  like  a  dumb  question:  If  one  has  criteria  which  ai  e  predicated  only  on  accelera¬ 
tion.  one  would  in  fact  conclude  that  a  rhesus  monkey  Is  indeed  more  tolerant  to  impact.  Now.  how  can  this  be, 
if  in  fact,  the  basic  biological  materials  which  comprise  the  monkey  and  the  human  arc  not  really  all  that  different. 
Please  comment  ou  this  because  1  would  like  to  return  to  it  depending  upon  the  rpply 

DR.  VON  GIERKE  (USA)  RESPONSE 

There  are  many  injury  mode  la  and  to  each  mode  you  have  a  different  tolerance  level.  One  animal  can  be  tolerant 
to  one  injury  or  susceptible  to  injury  and  another  animal  is  not . 

THOMAS  (USA)  RESPONSE 


1  think  that  in  an  experimental  sense  and  an  application  senae,  we  need  to  consider  the  head/neck  juncture  to 
be  considered  the  upper  limit  of  tolerance  in  the  primate  under  minus  X  acceleration  with  head-neck  unrestrained 
and  no  direct  impact  to  the  head  or  to  the  neck.  We  feel  that  this  probably  appliea  acroas  all  of  the  piimates.  So 
if  you  run  every  primate,  you'll  see  that  mainly  becauae  it  has  been  seen  experimentally  in  the  baboon  a.  1  the 
rhfsns  tkp  ipupu  wKiph  it  Has  h«^n  op«n  jro  hst  different ,  105  versus  125  g ■  but  this  Risy  net  be  s  between 
species  difference.  Differences  in  the  restraint  or  the  way  in  which  the  animal  was  positioned  could  have  caused 
the  difference.  Initial  conditions  are  critical,  not  only  for  the  mechanical  head  response .  but  also  wc  suapect  with 
the  injury  response  as  we  saw  In  the  rheaus.  What  if  we  had  run  a  human?  At  what  level  would  we  see  the  same 
injuries?  There  are  two  particular  approaches  we  take  to  that  problem  within  the  context  of  the  given  injury .  One 
is  the  mechanical  comparison  between  the  two.  and  the  other  we  are  attempting  to  develop  is  the  physiological  com¬ 
parison  between  the  two.  There  are  physiological  measurements  which  constitutes  a  continuum  of  response.  Dr. 
Weiss  showed  some  of  those  measurements  In  paper  number  M.  If  that  same  continuum  of  response  is  the  same  across 
species,  there  is  physiological  evidence  that,  in  fact,  they  are  the  same.  And  thresholds  for  that  particular  type  of 
injury,  may  in  fact,  be  the  same  across  species.  Certulnly  the  maaa  of  the  msn  is  larger,  but  also  his  structure  is 
more  massive.  So  those  things  that  are  due  to  the  between-geometry  difference,  between-mass  difference,  between 
strength  difference,  require  further  indirect  means  of  comparison  between  species.  We  do  it  structurally ,  we  do 
it  mechanically,  we  do  it  physiologically  ,  and  we  impact  test  at  least  two  of  the  non-human  primate  species  in  each 
of  the  injury  modes  if  we  possibly  can .  But  it  will  always  be  an  indirect  problem,  and  1  think  that's  as  close  as 
we  can  come  experimentally  to  the  answer.  The  impact  testa  must  be  done  injury  mechanism  by  injury  mechanism. 
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DR.  VON  GI"RKE  (USA)  COMMENT 

You  have  considerable  differences  in  injury  susceptibility  and  response  in  human  subjects.  You  have  some 
difference  between  male  and  female,  and  certainly  as  we  heard  at  this  meeting  children  have  quite  different  responses, 
not  only  mechanical,  but  also  from  the  physiological  standpoint.  We  know  also  that  impact  tolerance  limits  deteriorate 
with  respect  to  age 

NEWMAN  (CA)  COMMENT 

1  am  in  complete  sympathy  and  agreement  with  Dr .  Thomas  in  the  position  that  he  outlines  and  in  fact,  all  of  you  really 
read  a  little  more  into  my  question  than  1  had  intended .  1  did  try  to  be  reasonably  specific  and  said  that  a  monkey  with 
a  concussion  and  a  human  being  with  a  concussion,  and  1  think  that  most  people  would  agree  that  it  takes  a  much  higher 
acceleration  to  cause  a  concussion  in  a  small  monkey  than  it  would  in  a  large  man  without  getting  too  concerned  about 
the  details.  The  point  1  was  really  trying  to  make  was  that  acceleration  is  really  only  part  of  the  story.  For  example, 
the  mass  of  the  individual  will  dictate  the  nature  of  the  inertial  loading  that  takes  place  within  the  structure.  I  am 
particularly  concerned  since  it's  fair  to  assume  that  the  mass  associated  with  an  impact  situation  plays  a  dominant  role 
in  the  eventual  injuries;  thus .  to  simply  examine  acceleration  by  itself  cannot  be  sufficient  to  completely  quantify  an 
injury  criterion.  That  was  the  basic  premise  of  my  remarks. 

DR.  VON  GIERKE  (USA)  COMMENT 

I  think  we  all  agree  that  acceleration  by  itself,  doesn't  help  at  all.  It's  always  a  complete  time  course  of  events 
and  a  force  application  which  has  to  be  considered.  If  we  concentrate  our  efforts  on  a  specific  frequency,  and 
duration  range  or  specific  type  of  input,  wc  can  restrict  ourselves  to  one  parameter  like  acceleration  and  use  it 
as  a  specification  perhaps  in  certain  situations.  But  wc  must  clearly  specify  the  limits  of  applicability  and  validity. 

MR.  FRISCH  (USA) 

It's  a  minor  point,  but  I  think  it  is  intuitively  obvious  to  people  who  conduct  experiments  that  answers  are 
provided  for  two  very  basic  questions.  One  is  a  threshold  of  something;  and  the  other  is  the  response  mechanism. 
Because  when  you  understand  the  response,  you  most  likely  understand  the  problem. 

DR.  VON  GIERKE  (USA)  CLOSING  REMARKS 

Thank  you  for  your  attendance  and  participation,  and  have  a  safe  and  good  trip  home.  Hope  to  see  you  again 
when  we  have  the  next  meeting. 

DR.  BANDE  (BE)  CLOSING  REMARKS 

Now,  just  a  last  point,  I  think  that  I  can  tell  the  experts  here  in  this  room  that  we  expect  them  in  10  years  from 
now  to  provide  new  results.  Everything  is  not  sold  as  we've  heard.  If  all  were  sold,  we  could  retire.  So  we 
expect  you  back  in  10  years  from  now  with  more  results  and  more  practical  results.  I  wish  you  a  safe  journey 
home  or  a  good  stay  in  Germany . 
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Problems  dealing  with  impact  injury  caused  by  linear  acceleration  are  covered.  Papers  cover 
spinal  column  injuries  caused  by  gz  (eyeballs  down)  impact,  tensile  (eyeballs  up)  loading  of 
the  spinal  column,  and  lower  leg  injuries,  as  sustained  by  front  seat  occupants  in  automobile 
•‘glance  off  impacts  at  high  speed. 

Head  and  neck  injury  mechanisms  are  discussed  both  from  a  physiological  and  neurological 
standpoint.  Both  helmeted  and  unhelmeted  head  impacts  are  analyzed,  and  helmet  test  and 
evaluation  methods  are  covered.  Several  papers  described  accident/it\jury  investigation 
methods,  including  a  helicopter  crash  test  with  instrumented  dummies  aboard.  Injury¬ 
preventing  hardware  is  covered;  papers  include  restraint  harness  slack,  “dynamic  prelc  of 
the  restrained  body,  testing  and  evaluation  of  new  shock-absorbing  (stroking)  helicopter  seats, 
automotive  air  bag  testing,  and  the  use  of  a  “webbing  tear”  shock  absorber  on  a  helicopter 
crew  chiefs  restraint  harness. 

The  validation  of  a  spinal  injury  model  and  a  more  general  kinematics  (whole  body)  model  are 
also  discussed.  Finally,  the  cost  effectiveness  of  torso  armor  was  discussed  in  two  papers.  The 
conclusions  from  this  meeting  will  hopefully  be  applied  for  improved  impact  protection. 
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